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Summary	  
Photoreceptors	  and	  other	  retinal	  cells	  require	  a	  considerable	  amount	  of	  energy	  in	  form	  of	  ATP	   to	   generate	   visual	   signals	   that	   can	   be	   decoded	   by	   the	   brain.	   To	   generate	   enough	  ATP	   for	  retinal	  function	  and	  survival,	  oxygen	  needs	  to	  be	  delivered	  efficiently	  to	  the	  tissue	  via	  a	  constant	  blood	  flow	  through	  the	  retinal	  and	  choroidal	  vascular	  systems.	  Inefficient	  supply	  of	  oxygen	  and	  nutrients	  to	  the	  retina	  results	  in	  tissue	  hypoxia	  or	  ischemia,	  with	  severe	  consequences	  on	  retinal	  function	   and	   cell	   survival.	   Consequently,	   cells	   require	   adjusting	   and	   responding	   adequately	   to	  ischemic/hypoxic	   conditions	   to	   preserve	   viability	   and	   function.	   Hypoxia-­‐inducible	   factor	   1A	  (HIF1A)	   is	   one	   of	   the	   most	   important	   transcription	   factors	   that	   regulate	   tissue	   response	   to	  hypoxia.	  It	  drives	  the	  expression	  of	  a	  large	  number	  of	  genes	  that	  play	  a	  role	  in	  angiogenesis,	  cell	  survival	   and	   metabolism.	   Protein	   levels	   of	   HIF1A	   accumulate	   in	   the	   early	   post-­‐natal	   mouse	  retina,	  but	  the	  precise	  roles	  of	  this	  transcription	  factor	  in	  retinal	  development	  and	  physiology	  are	  not	  yet	  fully	  elucidated.	  In	  the	  first	  part	  of	  my	  thesis,	  I	  show	  that	  HIF1A	  is	  not	  strictly	  necessary	  for	  the	  survival	  of	  the	   retina	  but	   is	   required	   for	   the	  complete	  and	  correct	  development	  of	   the	   retinal	  vasculature.	  The	  intermediate	  plexus	  of	  the	  retinal	  vasculature	  did	  not	  develop	  in	  a	  mouse	  model	  with	  a	  CRE-­‐mediated	   Hif1a	   knockdown	   in	   the	   peripheral	   retina,	   despite	   normal	   tissue	   morphology	   and	  absence	  of	  retinal	  degeneration.	  The	  Hif1a	  knockdown	  did	  not	  affect	  expression	  of	  angiogenesis-­‐related	  genes	  such	  as	  vascular	  endothelial	  growth	  factor	  a	  (Vegfa),	  but	  influenced	  the	  expression	  of	   netrin	   (Ntn)	   family	   members	   and	   components	   of	   WNT	   signalling.	   In	   addition,	   Hif1a	  knockdown	  robustly	  induced	  expression	  of	  erythropoietin	  (Epo),	  most	  probably	  by	  inducing	  the	  stabilization	   of	   endothelial	   PAS	   domain-­‐containing	   protein	   1	   (hypoxia-­‐inducible	   factor	   2A)	  (EPAS1	   (HIF2A)).	   These	   results	   suggest	   that	   HIF1A	   is	   directly	   or	   indirectly	   necessary	   for	   the	  normal	  development	  of	  the	  retinal	  vasculature,	  particularly	  of	  the	  intermediate	  plexus.	  Blinding	  diseases,	  such	  as	  retinitis	  pigmentosa	  and	  age-­‐related	  macular	  degeneration	  have	  harmful	   effects	   on	   vision	  due	   to	   the	   apoptosis	   of	   photoreceptor	   cells.	  Hypoxic	   preconditioning	  protects	  photoreceptors	  from	  light-­‐induced	  apoptosis.	  Tissue	  protective	  factors	  such	  as	  EPO	  have	  been	  shown	  to	  be	  part	  of	  this	  defensive	  response.	  Due	  to	  the	  various	  neuro-­‐	  and	  vaso-­‐protective	  activities	   mediated	   in	   the	   retina,	   EPO	   has	   gained	   attention	   as	   potential	   therapeutic	   factor	   for	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retinal	   degenerative	   diseases.	   However,	   the	   precise	   mechanisms	   of	   EPO-­‐mediated	  neuroprotection	   of	   photoreceptors	   are	   still	   largely	   unknown.	   Also,	   the	   precise	   contribution	   of	  endogenously	  secreted	  EPO	  and	  downstream	  signalling	  through	  the	  EPO	  receptor	  (EPOR)	  in	  the	  retina	  has	  not	  yet	  been	  clarified.	  	  In	  the	  second	  part	  of	  my	  thesis,	  I	  show	  that	  EpoR	  is	  strongly	  expressed	  by	  cells	  located	  in	  the	   inner	  and	  ganglion	  cell	   layer,	  while	  photoreceptors	  seem	  to	  express	  only	  very	   low	  levels	  of	  
EpoR.	  CRE-­‐mediated	  EpoR	  knockdown	  in	  rod	  photoreceptors	  or	  in	  the	  peripheral	  retina	  does	  not	  cause	   developmental	   defects	   or	   show	   signs	   of	   degeneration	   in	   adult	   mice.	   EpoR	   knockdown	  caused	  only	  minor	  but	  unexpected	  changes	  in	  gene	  expression	  and	  in	  the	  activation/deactivation	  of	   EPOR	   downstream	   signalling	   pathways.	   Taken	   together,	   these	   results	   suggest	   that	   EPOR	  downstream	   signalling	   is	   not	   necessary	   for	   correct	   retinal	   development	   and	   survival	   of	   this	  neural	  tissue.	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Zusammenfassung	  
Photorezeptoren	   und	   andere	   Zellen	   der	   Netzhaut	   erfordern	   eine	   erhebliche	   Menge	   an	  Energie	   in	  Form	  von	  ATP,	   um	  optische	   Signale	   zu	   erzeugen,	   die	   vom	  Gehirn	  decodiert	  werden	  können.	   Um	   genügend	   ATP	   für	   die	   Funktion	   und	   den	   Erhalt	   der	   Netzhaut	   zu	   erzeugen,	   muss	  Sauerstoff	   über	   eine	   konstante	  Durchblutung	  der	  Netz-­‐	   sowie	  der	  Aderhaut	   effizient	   zugeführt	  werden.	   Eine	   eingeschränkte	   Zufuhr	   von	   Sauerstoff	   und	   Nährstoffen	   führt	   zu	   Hypoxie	   oder	  Ischämie,	  mit	  schweren	  Folgen	  für	  die	  Funktion	  und	  die	  Integrität	  der	  Netzhaut.	  Daher	  benötigen	  Zellen	   entsprechende	   Möglichkeiten,	   um	   auf	   ischämische	   bzw.	   hypoxische	   Bedingungen	  reagieren	  zu	  können	  und	  um	  das	  Überleben	  und	  den	  Erhalt	  der	  Netzhautfunktion	  gewährleisten.	  Hypoxia-­‐inducible	   Factor	   1A	   (HIF1A)	   ist	   einer	   der	  wichtigsten	   Transkriptionsfaktoren,	  welche	  die	  Reaktion	  des	  Gewebes	  auf	  Hypoxie	   regulieren.	  HIF1A	   steuert	  die	  Expression	  einer	  Vielzahl	  von	   Genen,	   die	   z.B.	   in	   der	   Regulation	   von	   Angiogenese	   und	   des	   Stoffwechsels,	   sowie	   für	   das	  Überleben	  der	  Zelle	  eine	  wichtige	  Rolle	  spielen.	  Das	  HIF1A	  Protein	  akkumuliert	  in	  der	  Netzhaut	  der	  neugeborenen	  Maus,	  aber	  die	  genaue	  Rolle	  dieses	  Transkriptionsfaktors	  in	  Entwicklung	  und	  Physiologie	  der	  Netzhaut	  ist	  noch	  nicht	  vollständig	  aufgeklärt.	  Im	   ersten	   Teil	   meiner	   Arbeit	   zeige	   ich,	   dass	   HIF1A	   für	   die	   normale	   Entwicklung	   des	  Gefäßsystems	  der	  Netzhaut	  	  essentiell	  ist,	  nicht	  jedoch	  für	  die	  Differenzierung	  und	  das	  Überleben	  der	  Zellen	   in	  der	  Netzhaut.	   ,	   	  Der	  Knockdown	  von	  Hif1a	   in	  der	  peripheren	  Netzhaut	  verhindert	  die	   Entwicklung	   des	   intermediären	   Plexus	   des	   retinales	   Gefäßsystems,	   trotz	   einer	   normalen	  Gewebemorphologie.	   Der	   Knockdown	   von	   Hif1a	   hat	   keinen	   Einfluss	   auf	   die	   Expression	   von	  Angiogenese-­‐relevanten	   Genen,	   wie	   Vascular	   Endothelial	   Growth	   Factor	   a	   (Vegfa),	   beeinflusst	  aber	   die	   Expression	   von	   Mitgliedern	   der	   Netrin	   (Ntn)	   Genfamilie	   und	   von	   Komponenten	   des	  WNT	   Signalwegs.	   Außerdem	   induziert	   der	   Knockdown	   von	   Hif1a	   die	   Expression	   von	  Erythropoietin	   (Epo),	   höchstwahrscheinlich	   durch	   die	   Stabilisierung	   von	   Endothelial	   PAS	  Domain-­‐containing	   Protein	   1	   (Hypoxia-­‐inducible	   Factor	   2A)	   EPAS1	   (HIF2A).	   Die	   Ergebnisse	  zeigen,	  dass	  HIF1A	  direkt	  oder	  indirekt	  für	  die	  normale	  Entwicklung	  des	  retinalen	  Gefäßsystems,	  insbesondere	  des	  intermediären	  Plexus	  notwendig	  ist.	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Krankheiten	   wie	   Retinitis	   Pigmentosa	   und	   altersbedingter	   Makuladegeneration	  beinträchtigen	   die	   Sehkraft	   aufgrund	   des	   Verlusts	   von	   Photorezeptoren	   durch	   einen	  apoptotischen	   Zelltod.	   Hypoxische	   Präkonditionierung	   schützt	   Photorezeptoren	   in	   einem	  Degenerationsmodel	   vor	   Licht-­‐induzierter	  Apoptose.	   Es	  wurde	   gezeigt,	   dass	   Faktoren	  wie	  EPO	  Teil	   dieser	   Schutzreaktion	   sind.	   Aufgrund	   der	   verschiedenen	   protektiven	   Aktivitäten	   in	   der	  Netzhaut,	   hat	   EPO	   die	   Aufmerksamkeit	   als	  möglicher	   therapeutischer	   Faktor	   für	   degenerative	  Netzhauterkrankungen	  erlangt.	  Allerdings	  sind	  die	  genauen	  Mechanismen	  der	  EPO-­‐vermittelten	  Neuroprotektion	  von	  Photorezeptoren	  noch	  weitgehend	  unbekannt	   -­‐	  besonders	  die	  spezifische	  Rolle	  des	  endogen	  produzierten	  und	  des	  sezernierten	  EPOs	  sowie	  die	  Signalwege	  über	  den	  EPO-­‐Rezeptor	  (EPOR)	  in	  der	  Netzhaut.	  Im	   zweiten	   Teil	   meiner	   Arbeit	   zeige	   ich,	   dass	   EpoR	   von	   Zellen	   in	   der	   inneren	  Körnerschicht	   und	   in	   der	  Ganglienzellschicht	   stark	   exprimiert	  wird,	  während	  Photorezeptoren	  
EpoR	   nur	   auf	   sehr	   niedrigem	  Niveau	   exprimieren.	  Der	   zellspezifische	  Knockdown	   von	  EpoR	   in	  Stäbchen-­‐Photorezeptoren	   oder	   in	   der	   den	  meisten	   Zellen	   der	   peripheren	  Netzhaut	   durch	   das	  Cre-­‐lox	  System	  führt	  weder	  zu	  Entwicklungsstörungen	  noch	  zu	  einer	  Degeneration	  der	  Netzhaut.	  Zudem	  verursacht	  der	  Knockdown	  von	  EpoR	  nur	  geringfügige	  Veränderungen	  in	  der	  Expression	  von	   Genen	  welche	   für	   das	   EPO/EPOR	   Signaling	   relevant	   sind.	   Zusammenfassend	   deuten	   diese	  Ergebnisse	   darauf	   hin,	   dass	   EPOR	   Signaling	  weder	   für	   die	   korrekte	   Entwicklung	   der	   Netzhaut	  noch	  für	  das	  Überleben	  dieses	  neuronalen	  Gewebes	  notwendig	  ist.	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1 Introduction	  
Organisms	  ranging	  from	  bacteria	  to	  humans	  adjust	  their	  behaviours	  in	  response	  to	  specific	  environmental	  inputs.	  Accordingly,	  for	  a	  great	  proportion	  of	  time,	  organisms	  actively	  explore	  the	  surroundings	  perceiving	  a	  plethora	  of	  sensory	  signals,	  which	  include,	  among	  others,	  light,	  sound,	  chemicals,	  and	  temperature.	  Living	  organisms	  have	  a	  varied	  set	  of	  tools	  to	  sense	  environmental	  clues.	   The	   ability	   to	   process	   sensory	   information	   is	   crucial	   for	   survival	   and	   for	   organism-­‐environment	  interactions.	  Indeed,	  without	  this	  ability,	  the	  search	  for	  food,	  mating	  partners,	  and	  the	  ability	  to	  avoid	  predators	  would	  not	  be	  possible.	  Vision	  can	  be	  considered	  as	  the	  most	  important	  of	  our	  senses.	  In	  fact,	  it	  has	  been	  estimated	  that	  visual	  inputs	  provide	  about	  80%	  of	  our	  sensory	  information	  (Sharma	  and	  Ehinger,	  2003).	  To	  allow	  the	  interaction	  of	  an	  organism	  with	  the	  outside	  world,	  vision	  has	  to	  function	  efficiently	  and	  optimally	  under	  different	  conditions.	  Blinding	  diseases	  represent	  therefore	  a	  tragedy	  for	  affected	  individuals,	  as	  their	  interaction	  with	  the	  outside	  world	  becomes	  dramatically	  impaired.	  The	  eye	  is	  the	  organ	  that	   is	  responsible	  for	  the	  initiation	  of	  the	  process	  of	  vision.	  It	  detects	   light	  stimuli	  and	   converts	   them	   into	   neuronal	   electrochemical	   signals	   by	   the	   process	   of	   phototransduction.	  These	  neural	  outputs	  are	  then	  sent,	  through	  the	  optic	  nerve,	  to	  different	  brain	  regions	  where	  the	  visual	   image	   gets	   processed.	   The	   vertebrate	   eye	   represents	   a	   spectacular	   product	   of	   billion	   of	  years	  of	  evolution.	  Charles	  Darwin	  himself	  realized	  that	  it	  seemed	  impossible	  that	  the	  process	  of	  evolution	   though	  natural	   selection	  could	  explain	   the	  perfection	  and	  complexity	  of	  eye	  anatomy	  and	   vision.	   The	   retina	   is	   the	   crucial	   tissue	   responsible	   for	   phototransduction,	   even	   though	   all	  anatomical	  parts	  of	  the	  eye	  are	  necessary	  for	  the	  process	  of	  vision.	  Developmentally	  part	  of	  the	  central	  nervous	  system	  (CNS),	  the	  retina	  is	  a	  multilayered	  neuronal	  tissue	  lining	  the	  inner	  part	  of	  the	  eyeball.	  The	  cornea	  and	  the	   lens,	  which	  build	  up	  the	  optics	  of	   the	  eye,	   focus	  and	  project	  an	  image	  of	  the	  visual	  world	  on	  the	  retina,	  which	  provides	  a	  similar	  function	  as	  a	  light-­‐sensitive	  film	  in	  a	  camera.	  In	  fact,	  this	  neural	  tissue	  is	  able	  to	  capture	  incident	  photons	  and	  convert	  these	  inputs	  into	  electrochemical	  signals	  that	  can	  be	  processed	  by	  the	  brain.	  Besides	  acting	  as	  a	  light	  receiver,	  the	  retina	  also	  performs	  the	  first	  steps	  of	   image	  processing	  through	  neural	  circuits	  that	  involve	  different	  types	  of	  cells.	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The	  nervous	  system	  needs	  a	  disproportionate	  large	  fraction	  of	  the	  energy	  production	  of	  an	  organism.	  In	  humans,	  the	  brain	  represents	  only	  2%	  of	  the	  body	  mass,	  but	  consumes	  up	  to	  20%	  of	  the	  oxygen	  required	  by	  the	  body	  under	  resting	  conditions	  (Mink	  et	  al.,	  1981).	  As	  a	  component	  of	  the	  nervous	  system,	   the	   retina	  possesses	  even	  higher	  energy	  requirements,	   and	  on	  a	  per	  gram	  basis,	   its	   oxygen	   consumption	   is	   higher	   than	   that	   of	   the	   brain	   (Anderson	   and	   Saltzman,	   1964;	  Ames,	   1992).	   But,	   how	   is	   this	   energy	   generated,	   and	   how	   can	   this	   fundamental	   process	   be	  potentially	   impaired?	   Cellular	   respiration,	   better	   known	   as	   oxidative	   phosphorylation,	   is	   a	  metabolic	  pathway	  that	  uses	  the	  energy	  gained	  by	  oxidation	  of	  nutrients	  to	  generate	  adenosine	  triphosphate	  (ATP):	  the	  energy	  currency	  of	  a	  cell	  that	  is	  required	  to	  perform	  its	  various	  functions	  (Bonora	   et	   al.,	   2012).	   Oxidative	   phosphorylation	   obtained	   a	   widespread	   evolutionary	   success	  because	  of	  its	  higher	  efficiency	  in	  the	  production	  of	  ATP	  compared	  to	  other	  metabolic	  pathways,	  such	   as	   glycolysis.	   The	   redox	   reactions	   involved	   in	   cellular	   respiration	   require	   an	   electron	  acceptor,	   usually	   oxygen.	   The	   concentration	   of	   oxygen	   found	   in	   the	   terrestrial	   atmosphere	   is	  about	  21%.	  Under	  these	  conditions	  –	  defined	  as	  “normoxic”	  –	  generation	  of	  ATP	  through	  cellular	  respiration	   is	   highly	   efficient,	   and	   not	   compromised.	   Yet,	   ambient	   oxygen	   levels	   can	   vary	  significantly	   on	   earth,	   and	   oxygen-­‐limited	   environments	   are	   not	   infrequent.	   Similarly,	   oxygen	  tension	   found	   in	  different	   tissues	   can	  be	  adequate	   for	   its	  needs	  or	  not	  be	  enough	  because	  of	   a	  higher	   oxygen	  demand	   compared	   to	   its	   supply.	   The	  organism	  or	   tissue	   is	   defined	   as	   “hypoxic”	  when	   oxygen	   demand	   exceeds	   its	   availability,	  while	   an	   oxygen-­‐deprived	   tissue	   or	   organism	   is	  defined	   as	   “anoxic”.	   Hypoxia,	   or	   in	   extreme	   cases	   anoxia,	   usually	   arises	   as	   a	   consequence	   of	  pathological	  conditions	  such	  as	  ischemia,	  haemorrhages,	  stroke,	  and	  others.	  Ischemia	  is	  defined	  as	  restriction	  in	  blood	  supply	  to	  tissues	  caused	  by	  vascular	  deficits.	  Ischemia	  leads	  to	  a	  deficiency	  of	  oxygen	  delivery	  –	  i.e.	  hypoxia	  or	  anoxia	  in	  extreme	  cases	  -­‐	  and	  nutrients	  supply	  together	  with	  an	  insufficient	  waste	  removal	  from	  the	  extracellular	  space.	  The	   aim	   of	   the	   introduction	   is	   to	   drive	   the	   reader	   into	   the	   fascinating	   field	   of	   retinal	  anatomy,	   physiology,	   function	   and	   disease	   with	   special	   regard	   to	   the	   contribution	   of	   oxygen,	  particularly	   hypoxia,	   to	   these	   processes.	   Special	   focus	   will	   be	   put	   on	   the	   cellular	  mechanisms	  involved	   in	   sensing	   tissue	   oxygenation	   and	   the	   reactions	   to	   hypoxia	   in	   the	   retina.	   Also,	   the	  consequences	   of	   oxygen	   deprivation	   on	   the	   function	   and	   survival	   of	   the	   retinal	   tissue	   will	   be	  discussed.	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1.1 The	  Retina	  
The	  elucidation	  of	  the	  intricate	  organization	  of	  the	  vertebrate	  retina	  has	  been	  the	  scope	  of	  many	  vision	  scientists	  over	  the	  years.	  Already	  around	  300	  BC,	  Herophilus	  of	  Chalcedon	  provided	  the	  first	  description	  of	  the	  retina,	  which	  was	  named	  as	  such	  by	  Rufos	  of	  Ephesus	  (110	  AD)	  due	  to	  its	   net-­‐like	   appearance	   to	   hold	   the	   vitreous	   humour.	   In	   the	   19th	   century,	   Ramon	   y	   Cajal	  presented	  the	  first	  detailed	  neuroanatomical	  descriptions	  of	  the	  cells	  that	  populate	  the	  retina	  by	  using	  the	  Golgi’s	  silver	  nitrate	  staining	  method.	  Today,	  it	  is	  known	  that	  the	  retina	  is	  composed	  of	  more	  than	  60	  distinct	  types	  of	  neurons	  (Masland,	  2001,	  2012)	  that	  are	  subdivided	  into	  five	  main	  classes:	  photoreceptors,	  bipolar	  cells,	  amacrine	  cells,	  horizontal	  cells,	  and	  ganglion	  cells	  (Fig	  1).	  The	  neural	  circuitry	  build	  up	  by	  neuronal	  cells	  is	  involved	  in	  image	  generation	  and	  processing	  by	  capturing	   incident	   photons	   and	   amplifying,	   extracting,	   and	   compressing	   the	   resulting	   neural	  signals	   to	   preserve	   appropriate	   information	   to	   be	   sent	   to	   higher	   brain	   regions	   of	   the	   visual	  system.	   These	   components	   of	   the	   visual	   system	   include	   parts	   of	   the	   midbrain,	   the	   lateral	  geniculate	   nucleus	   (LGN)	   and	   superior	   colliculus	   of	   the	   thalamus,	   the	   visual	   cortex	   and	   other	  cortical	   regions.	   While	   midbrain	   regions	   collectively	   process	   information	   to	   control	   eye	  movement,	  circadian	  photoentrainment	  and	  pupil	  size,	   the	   inputs	   to	   the	  LGN	  are	  processed	   for	  visual	   perception	   and	   sent	   to	   the	   visual	   cortex.	  Here,	   information	   about	   colour,	   shade,	  motion,	  and	  depth	  is	  combined	  to	  result	  in	  what	  we	  define	  as	  visual	  experience.	  In	  addition	  to	  neurons,	  glial	  cells	  that	  include	  Müller	  cells,	  astrocytes	  and	  microglia,	  populate	  the	  retina	  and	  are	  essential	  to	  support	  the	  function	  and	  survival	  of	  the	  tissue.	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Figure	   1	   Simple	   anatomy	   of	   the	   mammalian	   retina.	   (A)	  Micrograph	   of	   a	   mouse	   retina,	   contrasted	   with	   osmium	  tetroxide	  and	  stained	  with	  toluidine	  blue.	  Scale	  bar:	  50	  µm.	  (B)	  Schematic	  and	  simplified	  representation	  of	  the	  major	  cell	  types	   populating	   the	  mammalian	   retina.	   Shown	   are	   ganglion	   cells	   (red),	   amacrine	   cells	   (purple),	   bipolar	   cells	   (green),	  horizontal	  cells	  (yellow),	  photoreceptors	  (orange),	  pigment	  epithelial	  cells	  (grey),	  Müller	  cells	  (light	  blue),	  and	  astrocytes	  (dark	  blue).	  Microglia,	   intrinsically	  photosensitive	   ganglion	   cells,	   and	   cells	   of	   the	  vascular	   system	  are	  not	   shown.	  NFL:	  nerve	  fibre	  layer.	  GCL:	  ganglion	  cell	  layer.	  IPL:	  inner	  plexiform	  layer.	  INL:	  inner	  nuclear	  layer.	  OPL:	  outer	  plexiform	  layer.	  ONL:	  outer	  nuclear	  layer.	  IS:	  inner	  segments.	  OS:	  outer	  segments.	  RPE:	  retinal	  pigment	  epithelium.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   The	  mammalian	  retina	   is	  an	  orderly	   laminated	   tissue	   that	  consists	  of	   three	   layers	  of	  cell	  nuclei	  and	  somata,	  and	  two	  synaptic	  layers.	  The	  outermost	  retinal	  layer	  is	  the	  outer	  nuclear	  layer	  (ONL),	  which	   is	  composed	  of	  nuclei	  of	  photoreceptors:	  rods	  and	  cones.	  The	   inner	  nuclear	   layer	  (INL)	   is	   an	   assembly	   of	   nuclei	   of	   bipolar,	   horizontal,	   amacrine,	   and	  Müller	   cells.	   The	   vitreous-­‐facing	  ganglion	  cell	  layer	  (GCL)	  is	  in	  turn	  composed	  of	  nuclei	  of	  retinal	  ganglion	  cells	  (RGCs)	  and	  displaced	   amacrine	   cells.	   The	   plexiform	   layers	   are	   the	   anatomical	   result	   of	   synapses	   between	  retinal	  neurons.	  The	  outer	  plexiform	   layer	   (OPL)	   is	   the	  assembly	  of	   synaptic	   contacts	  between	  photoreceptors,	  horizontal	  cells	  and	  bipolar	  cells.	  The	  inner	  plexiform	  layer	  (IPL)	  acts	  as	  a	  relay	  station	   for	   bipolar	   cells	   to	   connect	   to	   amacrine	   cells	   and	   RGCs.	   Furthermore,	   horizontally	   and	  vertically	  aligned	  amacrine	  cells	  interact	  in	  networks	  with	  both	  bipolar	  cells	  and	  RGCs.	  Above	  the	  inner	  limiting	  membrane	  (ILM)	  at	  the	  innermost	  side	  of	  the	  retina,	  RGC	  axons	  bundle	  to	  form	  the	  nerve	  fibre	  layer	  (NFL)	  (Fig.	  1).	  These	  axons	  from	  all	  parts	  of	  the	  retina	  converge	  and	  leave	  the	  eye	  at	  the	  optic	  nerve	  head	  (ONH)	  to	  form	  the	  optic	  nerve.	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1.1.1 Photoreceptors	  	  
Two	  major	   types	  of	   retinal	  neurons	  carry	  out	   the	  process	  of	  phototransduction:	   rod	  and	  cone	  photoreceptors.	  Rods	  and	  cones	  have	  a	  basic	  structure	  consisting	  of	  a	  cell	  body	  located	  in	  the	   ONL,	   synaptic	   connections	   to	   second-­‐order	   neurons	   in	   the	   OPL,	   and	   specialized	   ciliary	  structures:	  inner	  and	  outer	  segment	  (IS	  and	  OS)	  (Fig.	  2).	  	  
	  
	  
Figure	   2	   Rod	   and	   cone	   photoreceptor.	   Schematic	   representation	   of	   the	   structural	   features	   of	   a	   rod	   (left)	   and	   cone	  (right)	  photoreceptor.	  Outer	  segments	  are	  composed	  of	  disc	  membrane-­‐like	  structures.	  The	  connecting	  cilium	  connects	  the	  outer	  segments	   to	   the	   inner	  segments.	   Inner	  segments	  contain	  mitochondria	  and	   the	  machinery	   to	  synthesize	  new	  proteins.	  Downstream	  retinal	  neurons	  synapse	  at	  the	  synaptic	  ending.	  (Figure:	  adapted	  from	  (Wright	  et	  al.,	  2010))	  	   The	   ciliary	   structures	   fill	   the	   subretinal	   space	   and	   are	   oriented	   towards	   the	   RPE.	  Phototransduction	  begins	  in	  rod	  and	  cone	  OS,	  where	  a	  photon	  is	  absorbed	  by	  a	  molecule	  of	  visual	  pigment. The	   visual	   pigments	   are	   composed	   of	   an	   opsin	   protein	   and	   a	   chromophore	   –	   11-­‐cis-­‐retinal	  -­‐	  derived	  from	  vitamin	  A. Rods	  express	  rhodopsin	  (RHO)	  and	  are	  sensitive	  to	  blue-­‐green	  light	  with	  a	  peak	  wavelength	  around	  500	  nm	  (Govardovskii	  et	  al.,	  2000).	  Rod	  photoreceptors	  are	  highly	   sensitive	   to	   light,	   being	   able	   to	   detect	   even	   a	   single	   photon	   (Baylor	   et	   al.,	   1979).	   This	  makes	  them	  useful	  for	  vision	  at	  low	  light	  intensities	  (scotopic	  vision),	  i.e.	  at	  luminance	  levels	  of	  10−2	   to	  10−6	   cd/m².	  Cone	  photoreceptors	   require	  higher	   light	   intensities	   and	  are	   thus	   ideal	   for	  daylight	   (photopic)	   vision	   that	   occurs	   at	   a	   range	   above	   roughly	   3	   cd/m².	   Mesopic	   vision,	  occurring	  at	  light	  intensities	  of	  approximately	  0.001	  to	  3	  cd	  m−2,	  is	  a	  combination	  of	  scotopic	  and	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photopic	  vision	  carried	  out	  by	  both	  the	  rod	  and	  cone	  system	  (Peichl,	  2005).	  While	  a	  single	  type	  of	  rod	  photoreceptor	  populates	  the	  mammalian	  retina,	   two	  or	  three	  types	  of	  cone	  photoreceptors	  can	  be	   found.	  The	  majority	  of	   the	  mammalian	  species,	  excluding	  primates,	  possess	  dichromatic	  colour	  vision.	  This	   type	  of	  vision	   is	  based	  on	   two	   types	  of	   cone	  photoreceptors	  with	   spectrally	  different	   visual	   pigments:	   a	   short-­‐wavelength-­‐sensitive	   (S-­‐)	   cone,	   and	   a	   long-­‐wavelength-­‐sensitive	   (L-­‐)	   cone	   (Calderone	   and	   Jacobs,	   1995).	   The	   primate	   retina	   is	   populated	   by	   an	  additional	   type	   of	   cone	   photoreceptor	   that	   expresses	   an	   opsin	   gene	   that	   evolved	   through	   the	  duplication	  of	  the	  LWS	  opsin	  gene.	  This	  gave	  rise	  to	  two	  spectrally	  discrete	  LWS	  opsins:	  M-­‐opsin	  and	  L-­‐opsin,	  expressed	  in	  M-­‐	  and	  L-­‐cones	  respectively	  (Wikler	  and	  Rakic,	  1990;	  Jacobs,	  1993).	  In	  the	  human	  retina,	  S-­‐cones	  are	  maximally	  sensitive	  to	  wavelengths	  peaking	  at	  437	  nm	  (blue),	  M-­‐cones	   at	   533	   nm	   (green),	   and	   L-­‐cones	   at	   564	   nm	   (red)	   (Govardovskii	   et	   al.,	   2000). Most	  mammals	  have	  rod-­‐dominant	  retinas,	  i.e.	  their	  retinas	  are	  populated	  predominantly	  by	  rods,	  with	  relatively	  few	  cones.	  For	  instance,	  the	  ratio	  of	  rods	  to	  cones	  in	  the	  mouse	  retina	  is	  97:3	  (Carter-­‐Dawson	   and	   LaVail,	   1979),	   and	   95:5	   in	   the	   human	   retina	   (Curcio	   et	   al.,	   1990).	   However,	  exclusively	  cones	  are	   found	   in	   the	   fovea,	   i.e.	   the	  central	  area	  of	   the	  human	  retina	  (Curcio	  et	  al.,	  1990).	  While	   rod	   photoreceptors	   are	   more	   sensitive	   to	   light	   and	   function	   optimally	   under	  scotopic	   conditions,	   they	   are	   easily	   saturated	   and	   lose	   their	   sensitivity	   even	  under	  moderately	  bright	   conditions	   (Kraft	   et	   al.,	   1993).	   Rod	   responses	   to	   light	   are	   slow	   and	   they	   have	   a	   long	  refractory	   period	   following	   exposure	   to	   bright	   light	   (Gaunt,	   1968;	   Leibovic	   and	   Pan,	   1994).	   In	  contrast	   to	   rods,	   cones	   are	   less	   light	   sensitive,	   and	   function	   under	   bright	   light.	  However,	   cone	  responses	  are	   fast	  and	   they	   recover	   rapidly	   following	  exposure	   to	  bright	   light	   (Finkelstein	  and	  Hood,	  1981;	  Naarendorp	  et	  al.,	  2010).	  This	  difference	  in	  sensitivity	  of	  rods	  and	  cones	  is	  partially	  caused	  by	  their	  different	  biochemical	  properties,	  such	  as	  different	  amounts	  of	  visual	  pigment	  and	  amplification	   factors	   of	   the	   phototransduction	   cascade	   (Peichl,	   2005).	   These	   functional	  differences	  can	  also	  be	  attributed	  to	  differences	  in	  the	  structure	  of	  the	  OS	  (Yau,	  1994;	  Mustafi	  et	  al.,	  2009).	  The	  higher	   light	  sensitivity	  of	  rods	   is	   increased	   further	  by	  a	  high	  convergence	  of	   the	  rod	   system	   onto	   RGCs,	   thereby	   improving	   the	   signal-­‐to-­‐noise	   ratio	   (van	   Rossum	   and	   Smith,	  1998).	   This	   is	   possible	   because	   many	   rods	   contact	   a	   single	   rod	   bipolar	   cell	   that	   conveys	   this	  convergent	   signal	   to	   RGCs	   though	   amacrine	   cells	   (Sterling	   et	   al.,	   1988).	   A	   higher	   degree	   of	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convergence	   renders	   the	   rod	   system	   an	   enhanced	   light	   detector,	   despite	   reducing	   spatial	  resolution.	  Cones	  have	  instead	  a	  close	  to	  one-­‐to-­‐one	  relationship	  to	  cone	  bipolar	  cells	  and	  RGCs,	  resulting	   in	   higher	   visual	   acuity	   (Enroth-­‐Cugell	   et	   al.,	   1974,	   1977).	   In	   addition,	   the	   different	  arrangement	  of	   the	   circuits	   that	   transmit	   rod	  and	  cone	   information	   to	  RGCs	   contributes	   to	   the	  different	  characteristics	  of	  scotopic	  and	  photopic	  vision.	  	  
1.1.2 Phototransduction	  	  
The	  OS	  of	   rods	  and	  cones	  are	  highly	  specialized	  cilia	   that	  contain	   the	  protein	  machinery	  necessary	   for	  phototransduction	   (Fig.	   3).	  Rod	  OS	  enclose	  membranous	  disks	   stacked	  on	   top	  of	  each	  other.	  This	  increases	  the	  membrane	  surface	  area	  by	  about	  1500-­‐fold	  when	  compared	  to	  the	  plasma	  membrane	  alone,	  and	  allows	  photons	  to	  be	  efficiently	  absorbed	  as	  they	  pass	  through	  the	  OS	  (Mayhew	  and	  Astle,	  1997).	  Cone	  OS	  differ	  from	  rod	  OS	  in	  several	  aspects.	  For	  example,	  cone	  OS	   are	   shorter	   and	   more	   conical	   than	   rod	   OS,	   and	   their	   discs	   are	   connected	   to	   the	   plasma	  membrane,	   thus	  making	  them	  open	  to	   the	  extracellular	  space	  (Braekevelt,	  1983). The	  catalytic	  reactions	   involved	   in	   the	   phototransduction	   cascade	   occur	   at	   the	   interface	   of	   disk	  membranes	  and	  the	  OS	  plasma	  membrane.	  Visual	  pigment	  molecules	  are	  found	  at	  high	  density	  in	  OS.	  In	  rods,	  RHO	  occupies	  about	  half	  the	  membrane	  volume	  within	  the	  disks	  of	  the	  OS	  (Filipek	  et	  al.,	  2003).	  	  
	  
Figure	  3	  Inner	  and	  outer	  segments.	  Shown	  is	  an	  electron	  microscopy	  picture	  of	  monkey	  rod	  and	  cone	  inner	  (i.s.)	  and	  outer	   (o.s.)	   segments.	   An	   enlarged	   picture	   of	   the	   outer	   segment	   discs	   is	   also	   shown	   (top).	   (Figure:	  http://webvision.med.utah.edu)	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Under	  dark	  conditions,	  rod	  and	  cone	  photoreceptors	  maintain	  a	  circulating	   ionic	  current	  that	  flows	  along	  the	  extracellular	  space	  from	  the	  IS	  to	  the	  OS	  (Hagins	  et	  al.,	  1970).	  This	  current	  consists	  of	  an	  outward	  K+	  ion	  flux	  across	  the	  IS	  membrane	  mediated	  by	  voltage-­‐gated	  K+	  channels	  (Hestrin,	  1987;	  Maricq	  and	  Korenbrot,	  1990),	  and	  an	  inward	  Na+	  and	  Ca2+	  ion	  flux	  across	  the	  OS	  membrane	   mediated	   by	   cyclic	   GMP	   (cGMP)-­‐gated	   ion	   channels	   (Fesenko	   et	   al.,	   1985).	   This	  constitutes	  a	  “dark	  current”	  that	  partially	  depolarizes	  the	  photoreceptor	  cell	  (Hagins	  et	  al.,	  1970).	  As	  a	  consequence,	  in	  the	  absence	  of	  light,	  the	  depolarized	  photoreceptor	  cell	  steadily	  releases	  the	  neurotransmitter	  glutamate	  from	  its	  synaptic	  terminals.	  	  In	  order	   to	  overcome	  an	   intrinsically	  noisy	  background,	   the	   signal	   from	  activated	  visual	  pigments	   (RHO	   or	   cone	   opsins)	   needs	   to	   be	   adequately	   amplified.	   The	   phototransduction	  cascade,	   a	   G-­‐protein-­‐based	   signal	   transduction	   pathway,	   accomplishes	   this	   task.	  Phototransduction	   starts	   when	   a	   photon	   causes	   cis-­trans-­‐isomerization	   of	   the	   opsin	  chromophore	   11-­‐cis-­‐retinal	   in	   the	   OS,	   thereby	   inducing	   a	   conformational	   change	   of	   the	   opsin,	  leading	   to	   the	   active	   form	  R*	   (Rafferty,	   1977;	  Green	  et	   al.,	   1977).	  The	   active	   form	  R*	   activates	  transducin,	   a	   heterotrimeric	   G	   protein,	   by	   catalyzing	   the	   exchange	   of	   guanosine	   diphosphate	  (GDP)	   for	   guanosine	   triphosphate	   (GTP)	   on	   the	   G	   protein	   α-­‐subunit	   (Gαt)	   (Fung	   et	   al.,	   1981;	  Bornancin	   et	   al.,	   1989).	  As	   a	   consequence	  Gαt.GTP	  dissociates	   from	   the	   transducin	  βγ-­‐subunits	  and	   binds	   to	   the	   γ-­‐subunit	   of	   the	   effector	   protein	   cGMP	   phosphodiesterase	   (PDE),	   thereby	  releasing	   the	   inhibitory	   constraint	   of	   PDE	   γ-­‐subunit	   on	   the	   catalytic	  α-­‐	   and	  β-­‐subunits	   of	   PDE	  (Stryer,	   1983).	   The	   activated	   PDE	   then	   rapidly	   hydrolyzes	   cGMP,	   thereby	   reducing	   its	  concentration	  in	  the	  cytoplasm	  and	  causing	  cGMP-­‐gated	  ion	  channels	  to	  close	  (Fig.	  4).	  The	  light-­‐induced	   closure	   of	   cGMP-­‐gated	   ion	   channels	   reduces	   the	   inward	   cation	   current,	   resulting	   in	  membrane	   hyperpolarisation,	   and	   a	   transient	   photoresponse	   generated	   in	   a	   millisecond	  timeframe	   (Hughes	   and	   Brand,	   1985). Upon	   closure	   of	   the	   cGMP-­‐gated	   ion	   channels,	   the	  resulting	  hyperpolarisation	  decreases	  or	  shuts	  off	  the	  release	  of	  glutamate	  at	  the	  photoreceptor	  synaptic	  terminal	  (Nawy	  and	  Jahr,	  1991).	  The	  reduced	  glutamate	  release	  leads	  to	  the	  activation	  of	   ON-­‐bipolar	   cells	   and	   the	   inhibition	   of	   OFF-­‐bipolar	   cells	   through	   excitatory	   or	   inhibitory	  glutamate	  receptors,	  respectively	  (Chapter	  1.1.3)	  (Westheimer,	  2007).	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Figure	   4	   The	   phototransduction	   cascade.	   Shown	   is	   a	   schematic	   diagram	   of	   the	   signalling	   cascade	   activated	   after	  absorption	  of	   a	  photon	  by	   rhodopsin	   (R*).	  R*	   activates	   transducin	   (G)	  α-­‐subunit	  by	  GDP/GTP	  exchange.	  The	  activated	  subunit	  (G*)	  binds	  to	  the	  γ-­‐subunits	  phosphodiesterase	  (PDE**).	  The	  PDE	  α-­‐	  and	  β-­‐subunit	  get	  activated	  and	  trigger	  the	  processing	  of	  cGMP	  to	  GMP.	  This	  causes	  the	  closure	  of	  cGMP-­‐gated	  cation-­‐channels	  and	  results	  in	  the	  hyperpolarisation	  of	  the	  photoreceptor	  cell.	  cGMP	  is	  restored	  by	  the	  Guanylyl	  cyclase	  (GC).	  (Figure:	  adapted	  from	  (Leskov	  et	  al.,	  2000))	  	   A	   highly	   significant	   feature	   of	   phototransduction	   is	   the	   enormous	   degree	   of	   signal	  amplification	   that	   takes	   place	   through	   the	   subsequent	   steps	   of	   the	   biochemical	   cascade.	   For	  instance,	   a	   single	   activated	   rhodopsin	   molecule	   can	   activate	   800	   transducin	   molecules.	   Each	  transducin	   molecule	   activates	   only	   one	   PDE	   molecule,	   but	   each	   of	   these	   is	   in	   turn	   able	   of	  catalyzing	   the	   breakdown	   of	   as	   many	   as	   six	   cGMP	  molecules.	   Eventually,	   the	   absorption	   of	   a	  single	  photon	  by	  a	  rhodopsin	  molecule	  leads	  to	  the	  closure	  of	  approximately	  200	  cGMP-­‐gated	  ion	  channels.	  This	  causes	  a	  net	  change	  in	  the	  membrane	  potential	  of	  about	  1	  mV	  (Chen,	  2005).	  	  After	   light	   stimulation,	   an	  appropriate	   recovery	  of	   the	  photoreceptor	   is	   indispensable	   to	  respond	  anew	  to	  incoming	  photons	  and	  to	  be	  able	  to	  signal	  rapid	  changes	  in	  illumination.	  First,	  the	  bleached	  visual	  pigment	  has	  to	  be	  regenerated	  in	  the	  visual	  cycle	  (Chapter	  1.1.5)	  and	  second,	  the	   photoresponse	   has	   to	   be	   rapidly	   terminated	   through	   the	   action	   of	   one	   or	  more	   regulatory	  enzymes.	   One	   of	   these	   enzymes,	   rhodopsin	   kinase,	   phosphorylates	   each	   active	   form	   R*	   at	  multiple	  C-­‐terminal	  sites,	  with	  each	  added	  phosphate	  partially	  reducing	  the	  rate	  with	  which	  the	  active	   form	   R*	   can	   activate	   transducin	   (Maeda	   et	   al.,	   2003).	   After	   the	   addition	   of	   three	  phosphates,	   arrestin	   binds	   to	   the	   active	   form	   R*	   with	   high	   affinity,	   completely	   blocking	  subsequent	   transducin	   activation	   (Kuhn	   and	   Wilden,	   1987).	   Likewise,	   transducin	   and	   PDE	  remain	  active	  until	  transducin	  hydrolyzes	  GTP,	  a	  step	  catalyzed	  by	  the	  RGS9	  protein	  complex	  (He	  et	   al.,	   1998;	   Anderson	   et	   al.,	   2009). Finally,	   cGMP	   levels	   are	   restored	   through	   the	   action	   of	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guanylate	   cyclase	   (GC)	   allowing	   the	   cGMP-­‐gated	   ion	   channels	   to	   reopen	   (Kawamura	   and	  Murakami,	  1989)	  (Fig.	  4).	  	  Equally	  crucial	   is	   the	   fact	   that	   the	  weight	  of	  phototransduction	  amplification	  varies	  with	  the	   level	   of	   illumination,	   a	   phenomenon	   known	   as	   light	   adaptation.	   Even	   though	   the	  phototransduction	  cascade	  possesses	  high	  sensitivity	  at	   low	   light	   levels,	   incident	  photons	  must	  continue	  to	  generate	  useful	  signals	  also	  when	  the	  mean	  light	   level	   increases	  by	  many	  orders	  of	  magnitude.	  If	  the	  sensitivity	  would	  be	  constant,	  the	  response	  amplitude	  would	  reach	  the	  maximal	  level	   at	   relatively	   modest	   light	   levels.	   Indeed,	   increasing	   illumination	   is	   accompanied	   by	   a	  decreasing	  sensitivity.	  This	  phenomenon	  deeply	  extends	  the	  range	  of	  light	  intensities	  over	  which	  photoreceptors	   can	   operate.	   These	   incremental	   responses	   vary	   linearly	  with	   the	   increment	   of	  light	   intensity,	   and	   thus,	   under	   natural	   conditions,	   phototransduction	   continues	   to	   operate	  linearly	   in	   this	   sense	   (Vu	   et	   al.,	   1997).	   The	   drop	   in	   intracellular	   Ca2+	   concentration	   upon	   light	  exposure	  helps	  to	  coordinate	  light	  adaptation.	  Several	  Ca2+-­‐binding	  proteins	  sense	  the	  reduction	  of	   intracellular	  Ca2+	  concentration.	  Among	  these,	  GC-­‐activating	  proteins	  (GCAP)	  stimulate	  cGMP	  synthesis	   by	   GC	  when	   Ca2+	   concentration	   falls,	   thus	   creating	   a	   feedback	  mechanism	   by	  which	  cGMP	  synthesis	  increases	  as	  the	  Ca2+	  concentration	  is	  reduced.	  This	  eventually	  helps	  the	  cGMP-­‐sensitive	  channels	  to	  rapidly	  reopen	  (Stephen	  et	  al.,	  2008).	  A	  second	  calcium-­‐binding	  protein	  is	  recoverin.	   Ca2+-­‐bound	   recoverin	   inhibits	   the	   ability	   of	   rhodopsin	   kinase	   to	   phosphorylate	   the	  active	  form	  R*	  (Klenchin	  et	  al.,	  1995;	  Chen	  et	  al.,	  1995).	  The	  third	  mechanism	  is	  represented	  by	  the	   sensitivity	   of	   cGMP-­‐gated	   channels	   to	   calmodulin	   or	   calmodulin-­‐like	   proteins.	   When	   Ca2+	  levels	   fall	   in	   light,	   calmodulin	   dissociates	   from	   the	   channel	   and	   thereby	   increases	   the	   channel	  sensitivity	  to	  cGMP,	  thus	  allowing	  the	  channel	   to	  operate	  at	  a	   lower	  cGMP	  concentration	  under	  light	  exposure	  than	  under	  dark	  conditions	  (Hsu	  and	  Molday,	  1993;	  Chen	  et	  al.,	  2010a).	  Another	  different	   type	   of	   adaptation	   mechanism	   induced	   by	   sustained	   light	   involves	   translocation	   of	  several	  phototransduction	  proteins	  between	  the	  OS	  and	  the	  rest	  of	  the	  photoreceptor	  cell.	  Upon	  light	  exposure,	  and	  over	  a	  time	  course	  of	  several	  minutes,	  significant	  fractions	  of	  transducin	  and	  recoverin	   exit	   rod	  OS	  while	   arrestin	   translocates	   into	   the	   rod	  OS	   (Artemyev,	  2008;	   Slepak	  and	  Hurley,	  2008). 
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1.1.3 Retinal	  Circuits	  
Light-­‐evoked	  signals	  from	  rod	  and	  cone	  photoreceptors	  are	  transferred	  onto	  bipolar	  cells.	  In	  general,	   two	   types	  of	  bipolar	  cells	  exist:	  ON	  (ON-­‐center)	  and	  OFF	  (OFF-­‐center)	  bipolar	  cells.	  This	  categorization	  (valid	  also	  for	  RGCs,	  see	  below)	  refers	  to	  the	  receptive	  field,	  i.e.	  the	  region	  in	  space	   in	   which	   a	   stimulus	   can	   alter	   the	   firing	   of	   a	   neuron.	   ON	   bipolar	   cells	   depolarize	   (are	  activated)	  when	  light	  is	  in	  their	  receptive	  field	  and	  hyperpolarize	  (are	  deactivated)	  when	  light	  is	  in	   the	   surrounding	   region.	   On	   the	   contrary,	   OFF	   bipolar	   cells	   hyperpolarize	   (are	   deactivated)	  when	  light	  is	  in	  the	  center	  of	  their	  receptive	  field	  and	  depolarize	  (are	  activated)	  when	  light	  is	  in	  the	  surround	  (Berntson	  and	  Taylor,	  2000).	  	  A	   further	   step	   in	   early	   processing	   of	   the	   light	   stimulus	   is	   performed	  by	  horizontal	   cells,	  which	   provide	   lateral	   interaction	   in	   the	   outer	   retina.	   They	   exert	   lateral	   inhibition	   on	  neighbouring	   bipolar	   cells	   that	   surround	   the	   central	   region	   of	   highest	   response	   to	   light.	   This	  inhibition	   plays	   important	   roles	   in	   early	   image	   processing,	   such	   as	   the	   generation	   of	   center-­‐surround	  receptive	  fields	  that	  increase	  spatial	  discrimination	  (Thoreson	  and	  Mangel,	  2012).	  	  Rod	  photoreceptors	  synapse	  one	  type	  of	  bipolar	  cell.	  The	  rod	  bipolar	  cells	  are	  ON	  bipolar	  cells,	  express	  the	  metabotropic	  glutamate	  receptor	  6	  (mGluR6)	  (Vardi	  and	  Morigiwa,	  1997),	  and	  are	   depolarized	   by	   a	   light	   stimulus	   (Euler	   and	  Masland,	   2000).	   Rod	   bipolar	   cells	   do	   not	   send	  signals	  directly	   into	  RGCs	  but	   synapse	  with	  AII	  and	  A17	  amacrine	  cells,	  which	   integrate	   inputs	  from	   many	   rod	   bipolar	   cells	   (Bloomfield	   and	   Dacheux,	   2001).	   AII	   amacrine	   cells	   form	   gap	  junctions	  onto	  ON	  cone	  bipolar	  cells	  and	  inhibitory	  synapses	  onto	  OFF	  cone	  bipolar	  cells.	  In	  turn,	  these	   cone	   bipolar	   cells	   synapse	   onto	   RGCs	   (Vardi	   and	   Smith,	   1996).	   A17	   amacrine	   cells	   are	  required	  to	  modulate	  and	  amplify	  the	  signal	  from	  AII	  amacrines	  (Menger	  and	  Wassle,	  2000).	  This	  wiring	  map	   is	   the	  “classical	  rod	  pathway”	  of	   the	  mammalian	  retina	  (DeVries	  and	  Baylor,	  1995)	  (Fig.	   5).	   However,	   recent	   advances	   in	   the	   field	   have	   demonstrated	   that	   alternative	   routes	   can	  transmit	   the	   rod	   signal,	   for	   example	   through	   gap	   junctions	   between	   rods	   and	   cone	   pedicles	  (DeVries	  and	  Baylor,	  1995).	  In	   contrast	   to	   rods,	   transmission	  of	   the	   cone	   signal	   involves	   two	   classes	  of	   cone	  bipolar	  cells:	   ON	   and	   OFF	   bipolar	   cells.	   OFF	   cone	   bipolar	   cells	   express	   ionotropic	   (AMPA	   (-­‐amino-­‐3-­‐hydroxy-­‐5-­‐methyl-­‐4-­‐isoxazole	  propionic	  acid)	  and	  kainate)	  glutamate	  receptors,	  while	  ON	  cone	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bipolar	  cells	  express	  the	  metabotropic	  glutamate	  receptor	  mGluR6	  (Nomura	  et	  al.,	  1994;	  Vardi	  et	  al.,	  2000).	  OFF	  cone	  bipolar	  cells	  are	  hyperpolarized	  by	   light	  stimuli,	  and	  ON	  cone	  bipolar	  cells	  are	  depolarized.	  OFF	  cone	  bipolar	  cells	   transfer	   their	  signals	  onto	  OFF	  RGCs,	  whereas	  ON	  cone	  bipolar	  cells	  synapse	  onto	  ON	  RGCs	  (Fig.	  5).	  Consequently,	  OFF	  RGCs	  are	  excited	  by	  stimuli	  that	  are	   darker	   than	   the	   background,	   and	   ON	   RGCs	   spike	   by	   stimuli	   that	   are	   brighter	   than	   the	  background	  (Balasubramanian	  and	  Sterling,	  2009).	  The	  ON	  and	  OFF	  pathways	  have	  evolved	   to	  rapidly	  process	   images	   that	  become	  visible	   as	   a	   consequence	  of	   either	   light	   increment	  or	   light	  decrement.	  The	  ON	  pathway	  processes	  images	  that	  become	  visible	  following	  light	  augmentation	  and	  the	  OFF	  pathway	  processes	  images	  that	  become	  visible	  after	  light	  decrement	  (Schiller,	  2010).	  
	  
	  
Figure	  5	  Transmission	  of	  the	  rod	  and	  cone	  signal.	  Schematic	  diagram	  representing	  the	  rod	  and	  cone	  pathway	  through	  the	  retina.	  OFF	  cone	  bipolar	  (cb)	  cells	  synapse	  with	  OFF	  ganglion	  cells	  (GC)	  at	  the	  inner	  plexiform	  layer	  (IPL)	  strata	  a.	  ON	  cone	  bipolar	  cells	  synapse	  with	  ON	  ganglion	  cells	  at	  IPL	  strata	  b.	  ON	  rod	  bipolar	  (rb)	  relay	  light	  information	  through	  gap	  junctions	   (white	  arrow	  with	   red	   star)	  between	  AII	   amacrine	   (AII)	   and	  ON	  cb	   cells,	   to	  ON	  ganglion	   cells.	  White	  arrows	  represent	  the	  chemical	  synapses	  between	  different	  neurons	  in	  the	  IPL.	  (Figure:	  adapted	  from	  Nelson	  R	  and	  Kolb	  H	  Visual	  Neurosciences	  Vol	  1	  [31]).	  	  	   Beside	  the	  classification	  of	  RGCs	  to	  either	  the	  ON	  or	  OFF	  pathways,	  a	  classification	  based	  onto	  dendritic	  morphology	  identifies	  additional	  RGC	  subclasses.	  For	  instance,	  M-­‐type	  RGCs	  (also	  known	  as	  alpha	  or	  parasol	  RGCs)	  have	  bigger	  cell	  bodies	  and	   larger	  receptive	   fields	   than	  other	  RGC	   subtypes	   (Dacey,	   1993;	   Silveira	   et	   al.,	   2004).	   M-­‐type	   RGCs	   are	   responsible	   for	   motion	  detection	   (Schiller	   et	   al.,	   1990),	   are	   more	   sensitive	   to	   contrast	   stimuli	   (Kaplan	   and	   Shapley,	  1986),	  and	  are	  responsive	   to	  visual	   inputs	   that	  change	  rapidly	  over	   time	  by	  responding	  with	  a	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transient	   burst	   of	   action	   potentials	   (Hicks	   et	   al.,	   1983).	   P-­‐type	   RGCs	   (also	   known	   as	   beta	   or	  midget	  RGCs)	  have	  smaller	  cell	  bodies	  and	  smaller	  receptive	  fields	  than	  M-­‐type	  cells.	  P-­‐type	  RGCs	  mediate	   visual	   acuity	   and	   colour	   detection	   (Merigan,	   1989;	   Merigan	   et	   al.,	   1991).	   They	   are	  sensitive	   to	   high-­‐frequency	   spatial	   stimuli	   and	   respond	   with	   a	   sustained	   discharge	   of	   action	  potentials	  as	  long	  as	  the	  stimulus	  is	  present	  (Hicks	  et	  al.,	  1983;	  Silveira	  et	  al.,	  2004).	  Beside	  rods	  and	  cones,	  the	  mammalian	  retina	  contains	  a	  third	  class	  of	  photoreceptor:	  the	  intrinsically	  photosensitive	  retinal	  ganglion	  cell	  (ipRGC).	  These	  photosensitive	  RGCs	  express	  the	  photopigment	  melanopsin	   (encoded	  by	   the	  Opn4	   gene)	   and	   transmit	   irradiance	   information	   to	  the	   brain,	   influencing	   several	   functions	   such	   as	   circadian	   photoentrainment,	   pupillary	   light	  reflex,	  sleep	  and	  possibly	  some	  aspects	  of	  vision	  (Munch	  and	  Kawasaki,	  2013).	  
1.1.4 The	  Retinal	  Pigment	  Epithelium	  
The	   retinal	   pigment	   epithelium	   (RPE)	   is	   a	   single	   layer	   of	   hexagonal	   cells	   that	   is	   located	  between	   the	   OS	   of	   photoreceptors	   and	   the	   choroid.	   RPE	   cells	   are	   heavily	   pigmented	   as	   a	  consequence	   of	   the	   production	   of	   melanin.	   The	   main	   and	   most	   obvious	   function	   of	   RPE	  pigmentation	  is	  the	  absorption	  of	  scattered	  light	  (Sarna,	  1992).	  However,	  melanin	  granules	  also	  contribute	  as	  line	  of	  defence	  against	  free	  radicals	  produced	  by	  the	  phagocytosis	  of	  photoreceptor	  OS,	  photo-­‐oxidative	  exposure,	  and	  light	  energy	  (Winkler	  et	  al.,	  1999;	  Beatty	  et	  al.,	  2000).	  	  The	  RPE	   is	  also	   involved	   in	   the	  recycling	  of	   retinoids.	  For	  example,	   it	   is	  essential	   for	   the	  regeneration	  of	  11-­‐cis	  retinal	  in	  the	  visual	  cycle,	  a	  fundamental	  duty	  to	  enable	  a	  continuous	  visual	  experience.	  For	  this	  intention,	  all-­‐trans	  retinal	  is	  delivered	  from	  rod	  photoreceptors	  to	  RPE	  cells,	  re-­‐isomerised	  to	  11-­‐cis	  retinal,	  and	  transported	  back	  to	  photoreceptors	  (Chapter	  1.1.5)	  (Baehr	  et	  al.,	   2003).	   In	   addition,	   RPE	   cells	   are	   also	   responsible	   for	   the	   phagocytosis	   of	   the	   OS	   of	  photoreceptors,	   which	   go	   through	   a	   constant	   cycle	   of	   shedding	   and	   renewing	   to	   prevent	  overaccumulation	   of	   lipid	   and	   protein	   damage	   due	   to	   photo-­‐oxidation	   (LaVail,	   1976,	   1983).	  Another	   role	   of	   the	   RPE	   is	   the	   establishment	   of	   the	   outer	   blood-­‐retina	   barrier	   (BRB)	   through	  tight	  junctions	  between	  neighbouring	  RPE	  cells	  (Chapter	  1.3.2).	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1.1.5 The	  Retinoid	  Cycle	  of	  Vision	  	  
When	  the	  visual	  pigment	  gets	  exposed	  to	  intense	  or	  prolonged	  levels	  of	  light,	  a	  significant	  amount	  of	  it	  gets	  “bleached”,	  i.e.	  activated,	  and	  can	  no	  longer	  absorb	  an	  additional	  photon.	  It	  can	  then	  take	  tens	  of	  minutes	  for	  the	  visual	  sensitivity	  to	  return	  under	  normal	  conditions	  (Lamb	  and	  Pugh,	   2004).	   This	   very	   slow	   retrieval	   of	   visual	   sensitivity	   is	   known	   as	   “dark	   adaptation”,	   to	  distinguish	   it	   from	   the	   faster	   process	   of	   light	   adaptation.	   The	   recovery	   of	   visual	   sensitivity	   is	  associated	  with	   the	   retinoid	   cycle	   of	   regeneration	   of	   the	   visual	   pigment.	   In	   order	   to	   detect	   an	  additional	  photon,	  the	  opsin	  molecule	  needs	  to	  replace	  the	  all-­‐trans	  retinoid	  by	  a	  new	  molecule	  of	  11-­‐cis	   retinal	   (Pepperberg	   et	   al.,	   1976).	   After	   being	   released	   from	   the	   opsin	   moiety,	   the	  isomerised	   all-­‐trans	   retinoid	   undergoes	   a	   series	   of	   reactions	   inside	   and	   outside	   the	  photoreceptor	   cell	   to	   eventually	   be	   reconverted	   back	   into	   the	   11-­‐cis	   isomer,	   which	   can	   then	  recombine	   with	   the	   opsin	   protein	   moiety	   to	   catch	   an	   additional	   photon.	   The	   retinoid	   cycle	  involves	  a	  series	  of	  reactions	  catalyzed	  by	  membrane-­‐bound	  enzymes	  found	  in	  rod	  and	  cone	  OS	  and	  eventually	   in	  the	  RPE,	  where	  11-­‐cis	  retinal	   is	  regenerated	  (for	  a	  detailed	  description	  of	  the	  retinoid	  cycle	  and	  enzymes	  involved	  in	  the	  process	  see	  (Tang	  et	  al.,	  2013)	  and	  (Saari,	  2012)).	  A	  growing	   body	   of	   evidences	   suggests	   that	   for	   cones	   an	   alternative	   and	   slightly	   different	   visual	  cycle	  exists	  that	  involves	  Müller	  cells	  (Schonthaler	  et	  al.,	  2007).	  
1.1.6 Müller	  Cells	  
Müller	  cells	  represent	  the	  main	  glia	  population	  of	  the	  retina.	  Their	  nuclei	  are	  found	  in	  the	  INL	  while	  their	  radial	  processes	  span	  the	  entire	  retina,	  and	  thus	  provide	  architectural	  support	  to	  the	  tissue	  (Fig.	  6).	  Towards	  the	  vitreous,	   the	  basal	   lamina	  of	  Müller	  cell	  endfeet	   forms	  the	   ILM,	  and	  junctional	  complexes	  at	  their	  extensions	  at	  the	  basis	  of	  photoreceptor	  inner	  segments	  build	  the	   outer	   limiting	   membrane	   (OLM).	   Moreover,	   Müller	   cell	   processes	   also	   project	   laterally	   to	  surround	  retinal	  neurons	  (Bringmann	  et	  al.,	  2006).	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Figure	   6	   Müller	   cells.	   Shown	   is	   an	   immunostaining	   for	   GLUL	   (GS)	   (yellow)	   on	   a	   cryosection	   from	   a	   mouse	   retina,	  staining	  Müller	  cells.	  ONL:	  outer	  nuclear	  layer;	  OPL:	  outer	  plexiform	  layer,	  INL:	  inner	  nuclear	  layer;	  IPL:	  inner	  plexiform	  layer;	  GCL:	  ganglion	  cell	  layer.	  Scale	  bar:	  50	  µm	  (Figure:	  Caprara,	  unpublished)	  	   Müller	  cells	  are	  in	  a	  symbiotic	  connection	  with	  neurons,	  and	  are	  vital	  to	  their	  health	  and	  function.	   The	   glial	   supportive	   functions	   are	   carried	   out	   in	   many	   different	   ways.	   For	   example,	  Müller	   cells	   contain	   glycogen	   stores	   and	   can	   therefore	   supply	   end	   products	   of	   anaerobic	  metabolism	  through	  breakdown	  of	  glycogen,	  in	  order	  to	  increase	  aerobic	  metabolism	  in	  neurons	  (Magalhaes	  and	  Coimbra,	  1970;	  Reichenbach	  et	  al.,	  1993).	  In	  fact,	  Müller	  cells	  have	  a	  specialized	  energy	   metabolism,	   which	   is	   very	   different	   from	   neurons	   that	   mainly	   rely	   on	   oxidative	  phosphorylation	   (Magistretti	   and	   Pellerin,	   1999).	   As	   other	   glia	   cells,	   Müller	   cells	   use	   mainly	  glycolysis	  for	  the	  generation	  of	  ATP,	  even	  in	  the	  presence	  of	  sufficient	  oxygen	  (Poitry-­‐Yamate	  et	  al.,	   1995;	   Pellerin	   et	   al.,	   2007).	   Intriguingly,	   this	   different	   metabolism	   of	   Müller	   glia	   versus	  neurons	   results	   in	   a	   so-­‐called	   “metabolic	   symbiosis”.	   The	   glycolytic	  metabolism	  of	  Müller	   cells	  results	   in	   the	  production	   and	   release	   of	   lactate,	  which	   is	   converted	   into	  pyruvate	   and	  used	  by	  neurons	   as	   substrate	   in	   the	  Krebs	   cycle	   (Poitry-­‐Yamate	   et	   al.,	   1995;	   Tsacopoulos	   et	   al.,	   1998).	  This	   is	   a	   beneficial	   interaction	  between	  neurons	   and	   glia,	   as	  Müller	   cells	   can	   get	   rid	   of	   an	   end	  product	  of	  their	  metabolism	  –	  lactate	  –	  by	  feeding	  neurons,	  and	  neuronal	  cells	  can	  rely	  on	  Müller	  cells	   to	   inactivate	   the	   end	   product	   of	   neuronal	   metabolism	   –	   CO2	   –	   by	   the	   action	   of	   carbonic	  anhydrase	  (Sarthy	  and	  Lam,	  1978;	  Deitmer,	  2002).	  	  Müller	  glia	  also	  support	  neurons	  by	  maintaining	  a	  correct	  local	  microenvironment.	  This	  is	  achieved	  by	  controlling	  tissue	  homeostasis,	  for	  instance,	  by	  buffering	  extracellular	  CO2	  variations	  (Newman,	   1994),	   by	   taking	   up	   extracellular	   potassium	   and	   redistributing	   it	   (Bringmann	   et	   al.,	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1997;	   Kofuji	   et	   al.,	   2002;	   Skatchkov	   et	   al.,	   2006),	   by	   regulating	   retinal	   water	   homeostasis	  (Bringmann	   et	   al.,	   2004),	   and	   by	   clearing	   up	   neuronal	   waste	   products,	   such	   as	   ammonia (Marcaggi	  and	  Coles,	  2001).	   In	  addition	   to	  molecular	  waste	  products,	  Müller	  cells	  also	  clear	  up	  debris	  from	  dead	  neurons	  by	  phagocytosis	  (Francke	  et	  al.,	  2001).	  A	  vital	  neuroprotective	  role	  of	  Müller	  glia	  is	  represented	  by	  their	  contribution	  to	  the	  defence	  against	  free	  radicals.	  Müller	  cells	  synthesize	  glutathione	  from	  glutamate,	  cysteine,	  and	  glycine	  (Pow	  and	  Crook,	  1995;	  Reichelt	  et	  al.,	  1997).	  Reduced	  glutathione	  is	  delivered	  to	  neurons	  to	  act	  as	  a	  scavenger	  of	  free	  radicals	  and	  reactive	   oxygen	   species	   (ROS)	   (Schutte	   and	  Werner,	   1998).	   An	   important	   observation	   is	   that	  during	  hypoxia	  the	  glutathione	  levels	  in	  Müller	  cells	  decrease	  very	  strongly	  (Huster	  et	  al.,	  2000).	  This	  lack	  of	  glutathione	  may	  boost	  the	  intraretinal	  concentration	  of	  oxygen-­‐derived	  free	  radicals	  (Burstedt	  et	  al.,	  2009). The	   supportive	   contributions	   of	   retinal	   radial	   glia	   are	   also	   fundamental	   for	   optimal	  function	   of	   the	   retina.	   Müller	   cells	   are	   mediators	   of	   the	   removal	   and	   recycling	   of	   different	  neurotransmitters	  (Bringmann	  et	  al.,	  2009),	  e.g.	  γ-­‐aminobutyric	  acid	  (GABA)	  (Sarthy,	  1982)	  and	  glutamate	  (White	  and	  Neal,	  1976).	  Removal	  of	  excessive	  glutamate	  is	  accomplished	  through	  the	  expression	  of	  glutamate	  transporters	  (Peng	  et	  al.,	  1995)	  and	  high	  levels	  of	  glutamine	  synthetase	  (GS,	  expressed	  by	  the	  Glul	  gene	  in	  the	  mouse)	  (Fig.	  6),	  the	  enzyme	  that	  converts	  glutamate	  into	  glutamine	   (Riepe	   and	   Norenburg,	   1977).	   This	   task	   is	   fundamental,	   as	   excessive	   extracellular	  accumulation	  of	  glutamate	  can	  lead	  to	  excitotoxicity,	  in	  particular	  to	  RGCs	  (Ferreira	  et	  al.,	  1996;	  Izumi	  et	  al.,	  2002).	  	  Müller	  cells	  express	  intermediate	  filaments,	  which	  are	  immunoreactive	  for	  vimentin,	  and	  to	   some	   degree	   also	   to	   glial	   fibrillary	   acidic	   protein	   (GFAP).	   Under	   various	   pathological	  conditions,	   both	   vimentin	   and	   GFAP	   are	   strongly	   upregulated	   and	   distributed	   throughout	   the	  glial	  cell	  body	  (Guerin	  et	  al.,	  1990;	  Erickson	  et	  al.,	  1992).	  This	  is	  part	  of	  the	  so-­‐called	  “gliosis”:	  a	  general	   response	   to	   nearly	   every	   pathological	   alteration	   of	   the	   retina,	   under	   which	   glia	   cells	  become	  “activated”.	  Here,	  Müller	  cells	  can	  produce	  pro-­‐inflammatory	  cytokines	  and	  in	  this	  way	  can	   act	   as	   modulators	   of	   immune	   and	   inflammatory	   responses	   (Caspi	   and	   Roberge,	   1989;	  Drescher	  and	  Whittum-­‐Hudson,	  1996).	  Early	  after	  injury,	  gliosis	  is	  thought	  to	  be	  neuroprotective,	  as	   a	   result	   of	   the	   release	  of	   neurotrophic	   factors	   and	   antioxidants	   (Schutte	   and	  Werner,	   1998;	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Frasson	  et	  al.,	  1999).	  However,	  at	   later	  stages	  gliosis	   can	  become	  detrimental	   for	  neuronal	   cell	  survival	  (Bringmann	  et	  al.,	  2006).  
1.1.7 Astrocytes	  
Astrocytes	   are	   the	   second	   main	   glia	   population	   found	   in	   the	   retina.	   They	   have	   a	  morphology	   characterized	   by	   a	   flattened	   cell	   body	   and	   radial	   processes	   filled	   by	   intermediate	  filament	  proteins	  such	  as	  GFAP	  (Schnitzer,	  1988b)	  (Fig.	  7).	  These	  glia	  invade	  the	  retina	  through	  the	   optic	   nerve	   during	   development	   (Watanabe	   and	   Raff,	   1988),	   and	   eventually	   become	  restricted	   to	   the	   NFL,	   where	   they	   surround	   RGCs,	   nerve	   fibres,	   and	   superficial	   retinal	   blood	  vessels	  (Provis,	  2001)	  (Fig.	  7).	  Astrocyte	  density	  and	  morphology	  vary	  through	  the	  retina.	  Their	  density	  peaks	  at	  the	  ONH,	  where	  they	  have	  an	  elongated	  cell	  shape.	  Their	  abundance	  uniformly	  declines	   towards	   the	   retinal	   periphery	  were	   they	   assume	   a	   symmetrically	   stellate	  morphology	  (Schnitzer	  and	  Karschin,	  1986;	  Karschin	  et	  al.,	  1986).	  They	  are	  not	  present	  in	  the	  avascular	  fovea	  of	  the	  human	  retina	  (Schnitzer,	  1988a). 	  The	   close	   association	   of	   astrocytes	   to	   RGC	   axons	   and	   blood	   vessels	   suggests	   that	   these	  cells	  form	  axonal	  and	  vascular	  glial	  sheaths	  and	  contribute	  to	  the	  formation	  of	  the	  BRB	  (Gardner	  et	  al.,	  1997;	  Makarov	  et	  al.,	  2000)	   (Chapter	  1.3.2).	   In	  addition,	  astrocytes	  are	   thought	   to	  play	  a	  crucial	   role	   in	   the	   development	   of	   the	   retinal	   vasculature	   in	   rodents	   (Fruttiger,	   2007)	   and	  primates	  (Gariano	  et	  al.,	  1996).	  At	  the	  functional	  level,	  astrocytes	  share	  many	  common	  roles	  with	  Müller	   cells.	   For	   example,	   astrocytes	   play	   a	   role	   in	   ionic	   homeostasis	   by	   the	   regulation	   of	  extracellular	  K+	  levels	  (Bay	  and	  Butt,	  2012).	  They	  are	  also	  known	  to	  contain	  abundant	  stores	  of	  glycogen	  and	  may	  support	  retinal	  physiology	  by	  providing	  glucose	  to	  neurons	  (Pfeiffer-­‐Guglielmi	  et	  al.,	  2005).	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Figure	   7	  Retinal	   astrocytes.	   Shown	   is	   an	   immunostaining	   for	   GFAP	   (red)	   on	   a	   retinal	   flatmount,	   staining	   astrocytes	  found	  on	  the	  NFL.	  Note	  glial	  processes	  wrapping	  a	  retinal	  vessel	  (v).	  Scale	  bar.100	  µm.	  (Figure:	  Caprara,	  unpublished)	  	  
1.1.8 Microglia	  
Microglia	  are	  the	  third	  glia	  cell	  population	  resident	  in	  the	  retina,	  and	  are	  characterized	  by	  a	  multipolar	  and	  ramified	  morphology,	  with	  relatively	  small	  cell	  bodies	  and	  irregular	  processes	  (Kohno	  et	  al.,	  1982).	  	  Microglia	  precursors	  are	  of	  mesodermal	  origin	  and	  migrate	  into	  the	  retina	  during	  late	  embryonic	  development	  and	  in	  the	  early	  post-­‐natal	  stage	  (Barron,	  1995).	  During	  this	  developmental	   time,	   microglia	   migrate	   in	   a	   central-­‐to-­‐peripheral	   fashion	   in	   the	   NFL,	   to	   then	  translocate	   intraretinally	   and	   form	   a	   dense	   network	   mainly	   localized	   in	   the	   plexiform	   layers	  (Hume	  et	  al.,	  1983).	  Nowadays,	  microglia	  cells	  are	  considered	  to	  be	  part	  of	  the	  phagocyte	  system	  of	   the	   CNS,	   including	   the	   retina	   (Oehmichen,	   1982),	   and	   play	   important	   functions	   in	   immune	  surveillance	   and	  neuronal	   homeostasis	   (Hanisch,	   2002;	   Streit,	   2002;	  Hanisch	   and	  Kettenmann,	  2007).	   Ramified	   “resting”	   microglia	   constantly	   survey	   their	   microenvironment	   carrying	   out	  active	  tissue	  scanning,	  monitoring	  the	  retinal	  environment	  with	  their	  very	  motile	  protrusions	  to	  get	   rid	  of	  metabolic	  products	  and	  neuronal	  debris	   (Nimmerjahn	  et	  al.,	  2005)	   (Fig.	  8).	   “Resting”	  microglia	   in	   the	   healthy	   retina	   express	   low	   levels	   of	   co-­‐stimulatory	   molecules	   and	   show	   a	  relatively	   low	   phagocytic	   activity	   (Dick	   et	   al.,	   2003).	   However,	   following	   a	   very	   large	   array	   of	  retinal	   injuries	   and	   neurodegenerative	   pathologies,	   microglia	   become	   activated	   (Schuetz	   and	  Thanos,	  2004).	  Following	  activation,	  microglia	  undergo	  a	  morphological	  transition	  from	  ramified	  cells	   to	  amoeboid	  phagocytes	   (Fig.	  8).	  This	   is	   accompanied	  by	  a	   strong	  proliferation,	   enhanced	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migration,	   phagocytosis,	   expression	   of	   macrophage	   markers	   (e.g.	   F4/80),	   and	   production	   of	  different	   biologically	   active	   molecules,	   including	   cytokines,	   chemokines	   and	   inflammatory	  molecules	  (Hume	  et	  al.,	  1983;	  Streit,	  2002;	  Hanisch,	  2002;	  van	  Rossum	  and	  Hanisch,	  2004;	  Zeng	  et	   al.,	   2005).	   Under	   pathological	   conditions,	   microglia	   may	   be	   involved	   significantly	   in	   the	  initiation	  and	  perpetuation	  of	  neurodegeneration	  (Zeng	  et	  al.,	  2005).	  	  
	  
	  
Figure	  8	   “Resting”	  and	  activated	  microglia.	  Shown	   is	  an	   immunostaining	   for	   the	  microglial	  marker	   ionized	  calcium-­‐binding	  adapter	  molecule	  1	   (IBA1)	  on	   retinal	   flatmounts	   from	  dark-­‐adapted	   (A)	   and	   light	   exposed	   (B)	  mice	   at	  5	  days	  after	   light	   exposure.	   Note	   the	   extended	   ramified	   morphology	   of	   microglia	   in	   the	   unexposed	   retina	   compared	   to	   the	  rounded	  morphology	   after	   light	  damage,	   in	   addition	   to	   the	   accumulation	  of	  microglia	   at	   the	   site	  of	  damage.	   Scale	  bar:	  100µm	  (Figure:	  Caprara,	  unpublished).	  	  
1.2 Retinal	  Diseases	  	  
The	  retina	   is	  a	  complex	  tissue	  and	  the	  process	  of	  vision	   involves	  a	  multitude	  of	  different	  proteins.	   Hence,	   much	   can	   go	   wrong	   and	   have	   dramatic	   effects	   for	   vision.	   Human	   blinding	  diseases	  are	  an	  increasing	  global	  problem.	  Population-­‐based	  surveys	  have	  shown	  an	  increase	  in	  the	  number	  of	  blind	  people	  worldwide	  from	  28	  million	  to	  45	  million	  in	  a	  time	  frame	  of	  17	  years	  from	  1978	   to	  1995	  (Foster	  and	  Resnikoff,	  2005).	  The	  major	  blinding	  diseases	   in	   the	  world	  are	  cataract,	   glaucoma,	   diabetic	   retinopathy	   (DR),	   and	   age-­‐related	   macular	   degeneration	   (AMD)	  (Rosenberg	  and	  Sperazza,	  2008).	  	  Cataract	   is	   the	  most	   common	  cause	  of	  blindness	  worldwide	   (Foster	  and	   Johnson,	  1990).	  This	  disease	  refers	  to	  lens	  opacities	  that	  interfere	  with	  visual	  function.	  Opacification	  of	  the	  lens	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obstructs	   light	   from	   passing	   and	   being	   focused	   on	   the	   retina,	   and	   can	   lead	   to	   loss	   of	   vision	  (Quillen,	   1999).	   Glaucoma	   is	   the	   second	   principal	   cause	   of	   blindness	   worldwide	   (Quigley	   and	  Broman,	  2006).	  This	  disease	  is	  a	  progressive	  optic	  neuropathy	  characterized	  by	  loss	  of	  RGCs	  and	  thinning	   of	   the	   NFL.	   Increased	   IOP	   is	   often	   found	   in	   glaucoma	   and	   is	   a	   known	   cause	   of	   RGC	  degeneration,	  but	  normal-­‐tension	  glaucoma	  with	  RGC	  loss	  is	  also	  frequently	  observed.	  DR	  is	  the	  leading	  cause	  of	  loss	  of	  sight	  in	  the	  western	  world	  and	  is	  a	  secondary	  cause	  of	  diabetes	  mellitus.	  DR	  develops	  as	  a	  consequence	  of	  vasoregression	  induced	  by	  hyperglycemia	  and	  results	  in	  retinal	  hypoxia.	   This	   eventually	   leads	   to	   the	   activation	   of	   angiogenic	   genes	   and	   subsequent	  neovascularisation	   in	   the	   retina	   (Aiello	   et	   al.,	   1994;	   Chen	   et	   al.,	   2013).	   In	   contrast	   to	   the	  aforementioned	  retinal	  diseases,	  AMD	  and	  retinitis	  pigmentosa	  (RP)	  are	  mainly	  characterized	  by	  loss	  of	  vision	  due	  to	  photoreceptor	  cell	  death.	  	  Here,	  I	  will	  address	  AMD	  and	  RP	  in	  more	  detail	  since	  these	  are	  diseases	  of	  most	  interest	  in	  our	  lab.	  	  
1.2.1 Age-­‐related	  Macular	  Degeneration	  	  
AMD	   is	   the	   primary	   cause	   of	   vision	   loss	   in	   the	   elderly	   (Gehrs	   et	   al.,	   2006).	   Many	   risk	  factors	  have	  been	  associated	  with	  AMD,	  including	  aging	  (Klein	  et	  al.,	  2010),	  smoking	  (Smith	  et	  al.,	  1996),	  genetic	  predisposition	  (Edwards	  et	  al.,	  2005;	  Tolppanen	  et	  al.,	  2009),	  obesity	  (Adams	  et	  al.,	  2011),	  hypertension	  (van	  Leeuwen	  et	  al.,	  2003),	  hypercholesterolemia	  (Reynolds	  et	  al.,	  2010),	  and	   light	   exposure	   (Cruickshanks	   et	   al.,	   1993).	   AMD	   pathogenesis	   is	   characterized	   by	   a	  progressive	  loss	  of	  central	  vision	  due	  to	  degenerative	  and	  neovascular	  changes	  in	  the	  macula	  that	  result	  in	  disturbance	  of	  fine	  and	  colour	  vision.	  AMD	  can	  be	  separated	  into	  an	  early	  and	  late	  phase,	  as	   well	   as	   into	   dry	   and	   exudative	   forms	   (Bressler	   et	   al.,	   1988).	   The	   dry	   stage	   of	   AMD	   is	  characterized	   by	   the	   accumulation	   of	   soft	   and	   hard	   drusen	   and	   geographic	   atrophy	   (Fig.	   9).	  Oxidative	  stress,	  as	  a	  result	  of	  increased	  ROS	  production,	  may	  damage	  lysosomal	  membranes	  in	  RPE	   cells,	   impairing	   their	   phagocytotic	   capacity	   and	   leading	   to	   the	   (over)accumulation	   of	  lipofuscin	   in	  senescent	  RPE	  cells	   (Terman	  and	  Brunk,	  2004;	  Kurz	  et	  al.,	  2008).	  Since	   lipofuscin	  may	   augment	   ROS	   production	   on	   its	   own,	   its	   accumulation	   may	   lead	   to	   a	   vicious	   cycle	  accelerating	   AMD	   progression	   (Boulton	   et	   al.,	   1993;	   Sparrow	   et	   al.,	   2003)(reviewed	   in	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(Khandhadia	   and	   Lotery,	   2010)).	   	   Altogether,	   these	   events	   may	   ultimately	   lead	   to	   the	  neovascular/exudative	   form	  of	  AMD,	  which	   is	  most	  harmful	   for	  patients	   (Bressler	  et	  al.,	  1988).	  The	   neovascular/exudative	   stage	   of	   AMD	   is	   characterized	   by	   the	   process	   of	   choroidal	  neovascularisation	  (CNV),	  i.e.	  the	  growth	  of	  new,	  leaky	  vessels	  that	  penetrate	  Bruch’s	  membrane	  from	  choroidal	  capillaries	  and	  grow	  into	  the	  RPE	  and	  the	  neural	  retina	  (Bressler	  et	  al.,	  1988)	  (Fig.	  9).	   Disturbed	   ocular	   and	   retinal	   hemodynamics	   have	   been	   described	   in	   both	   phases	   of	   AMD	  (Friedman	  et	  al.,	  1995)	  (reviewed	  in	  (Harris	  et	  al.,	  1999)),	  and	  reduction	  in	  choroidal	  blood	  flow	  has	   been	   correlated	   to	   increased	   severity	   of	   the	   disease	   (Grunwald	   et	   al.,	   1998,	   2005).	   This	   is	  thought	  to	  result	  in	  tissue	  hypoxia	  and	  activation	  of	  gene	  expression	  that	  may	  contribute	  to	  CNV	  (Grunwald	  et	  al.,	  2005;	  Metelitsina	  et	  al.,	  2008;	  Pournaras	  et	  al.,	  2008).	  	  
	  
	  
Figure	  9	  Stages	  of	  AMD	  Shown	  are	  fundus	  and	  histology	  images	  of	  different	  clinical	  stages	  of	  AMD.	  During	  early	  AMD	  (A)	  small	  and	  medium-­‐sized	  drusen	  can	  be	  noticed	  (white	  and	  black	  arrows).	  During	  intermediate	  AMD	  (B)	  large	  drusen	  are	  formed	   (black	   arrow).	   These	   appear	   as	   enlarged	   yellowish	   dots	   in	   the	   fundus	   (white	   arrow).	   Dry	   AMD	   (C)	   is	  characterized	  by	  geographic	  atrophy	  (white	  arrow)	  in	  the	  center	  of	  the	  macula	  and	  the	  loss	  of	  Bruch‘s	  membrane	  (black	  arrow).	  In	  neovascular	  (wet)	  AMD	  (D)	  neovascular	  growth	  of	  leaky	  vessels	  (white	  and	  black	  arrow)	  causes	  haemorrhages	  (blue	  arrow).	  (Figure:	  reproduced	  with	  permission	  from	  (Jager	  et	  al.,	  2008),	  Copyright	  Massachusetts	  Medical	  Society).	  	   Nowadays,	   several	   strategies	   are	   employed	   to	   reduce	   AMD	   symptoms	   and	   disease	  progression.	   A	   low	   fat	   diet	   accompanied	   by	   antioxidant	   supplementation	   may	   delay	   the	  transition	  into	  advanced	  stages	  of	   the	  disease	  (Jager	  et	  al.,	  2008).	  The	  majority	  of	  therapeutical	  products	   on	   the	   market	   today	   are	   designed	   for	   the	   treatment	   of	   wet	   AMD.	   The	   most	   recent	  approaches	   involve	   intravitreal	   injection	   of	   antiangiogenic	   components	   targeting	   vascular	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endothelial	   growth	   factor	   A	   (VEGFA),	   such	   as	   ranibizumab	   (Lucentis,	   Genentech)	   and	  bevacizumab	  (Avastin,	  Genentech)	  (Kodjikian	  et	  al.,	  2013).	  
1.2.2 Retinitis	  Pigmentosa	  	  
RP	   is	   a	   heterogeneous	   group	   of	   inherited	   retinal	   diseases	   that	   result	   in	   photoreceptor	  apoptosis,	  leading	  to	  severe	  vision	  impairment	  and	  often	  blindness.	  RP	  has	  been	  estimated	  to	  be	  responsible	  for	  vision	  loss	  in	  1	  in	  4000	  people	  worldwide	  (Sung	  and	  Chuang,	  2010).	  The	  various	  modes	   of	   inheritance	   include	   autosomal-­‐dominant,	   autosomal-­‐recessive,	   X-­‐linked,	   as	   well	   as	  mitochondrial	  (Hamel,	  2006).	  Autosomal	  dominant	  RP	  (adRP)	  accounts	  for	  30%–40%	  of	  all	  cases	  of	   RP,	   and	   is	   therefore	   the	   most	   common	   mode	   of	   inheritance	   (Dinculescu	   et	   al.,	   2005). Mutations	   in	  more	  than	  60	  genes	  have	  been	   identified	  and	  play	  a	  causative	  role	   in	  RP	  (a	   list	  of	  genes	  can	  be	   found	   in	  http://ghr.nlm.nih.gov/condition/retinitis-­‐pigmentosa).	  Mutations	   in	   the	  
RHO	   gene,	   in	   the	   usher	   syndrome	   2A	   gene	   (USH2A)	   and	   in	   the	   retinitis	   pigmentosa	   GTPase	  regulator	  gene	  (RPGR)	  account	  for	  30%	  of	  all	  RP	  cases	  (Hartong	  et	  al.,	  2006).	  About	  one	  fourth	  of	  all	   patients	   suffer	   from	   associated,	   non-­‐ocular	   diseases.	   These	   are	   described	   by	  more	   than	   30	  different	  syndromes.	  The	  two	  main	  forms	  are	  Usher	  and	  Bardet-­‐Biedl	  syndrome	  (Hartong	  et	  al.,	  2006).	  	  The	   genetic	   heterogeneity	   of	   RP	   is	   also	   reflected	   by	   differences	   in	   disease	   onset,	  progression	   rate	   and	   severity.	   RP	   initially	   starts	   as	   an	   apoptotic	   degeneration	   of	   rod	  photoreceptors	   and	   the	  main	   symptoms	   include	   progressive	   loss	   of	   visual	   function	   leading	   to	  night	  blindness,	  reduced	  peripheral	  vision	  and	  narrowing	  of	  the	  visual	  field	  (Fig.	  10).	  Most	  forms	  of	   RP	   involve	   degeneration	   of	   both	   rod	   and	   cone	   photoreceptors,	   and	   usually	   loss	   of	   rods	  precedes	  loss	  of	  cones.	  In	  some	  cases,	  rods	  and	  cones	  are	  lost	  simultaneously,	  while	  in	  cone-­‐rod	  dystrophies	  cone	  degeneration	  precedes	  loss	  of	  rods	  (Birch	  et	  al.,	  1999).	  After	  the	  initial	  stages,	  diffusion	  of	  pigmentary	  deposits,	  thinning	  of	  retinal	  vessels,	  and	  decrease	  in	  retinal	  function	  are	  observed	  (Hamel,	  2007,	  2006).	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Figure	  10	  Fundus	  image	  of	  RP	  patient	  Shown	  is	  the	  fundus	  photography	  of	  a	  healthy	  patient	  (left	  panel)	  and	  a	  patient	  affected	  by	  RP	  (right	  panel).	  The	  dark	  lesions	  in	  the	  fundus	  of	  RP	  patient	  represent	  the	  pigment	  of	  RPE	  cells	  that	  migrate	  in	  degenerated	  regions	  due	  to	  the	  absence	  of	  photoreceptor	  cells.	  (Figure:	  adapted	  from	  http://webvision.med.utah.edu)	  	   Nowadays,	  RP	  is	  still	  considered	  as	  an	  incurable	  disease.	  Nevertheless,	  several	  strategies	  are	  being	  used	  or	  are	  being	  developed	  to	  slow	  the	  progression,	  or	  eventually	  treat	  this	  pathology.	  Among	   them,	   dietary	   supplementation	   with	   Vitamin	   A	   palmitate	   has	   shown	   to	   reduce	   the	  progression	   rate	   of	   the	   disease	   (Berson	   et	   al.,	   1993).	   Other	   strategies,	   including	   gene	   therapy,	  and	   treatments	   with	   trophic	   factors	   are	   in	   clinical	   trials	   (Cideciyan	   et	   al.,	   2008).	   Further	  promising	   approaches,	   including	   cell	   transplantation,	   retinal	   prostheses,	   and	   optogenetics,	   are	  under	  investigation	  (Lund	  et	  al.,	  2003;	  Weiland	  et	  al.,	  2011;	  Lagali	  et	  al.,	  2008).	  
1.2.3 Mouse	  Models	  for	  Retinal	  Degeneration	  
The	   majority	   of	   the	   knowledge	   and	   understanding	   about	   the	   molecular	   mechanisms	  involved	  in	  the	  pathophysiology	  of	  different	  retinal	  diseases	  has	  come	  from	  studies	  performed	  in	  animals.	  Several	  models	  are	  available	  and	  can	  be	  subdivided	  into	  two	  major	  groups:	  induced	  and	  inherited	  models	  for	  retinal	  degeneration.	  	  
1.2.3.1 	  Models	  for	  Inherited	  Retinal	  Degeneration	  
The	   need	   for	   an	   efficient	   therapy	   for	   RP	   has	   led	   to	   the	   identification	   of	   animals	   with	  spontaneous	  mutations	   and	   the	   creation	  of	   several	  mammalian	  models	  mimicking	   this	   disease	  and	   revealing	   the	  molecular	  mechanisms	  at	   the	  basis	  of	   inherited	  photoreceptor	  degeneration.	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Mouse	  models	  of	  RP	  include,	  among	  others,	  retinal	  degeneration	  (rd)1	  (Bowes	  et	  al.,	  1990),	  rd10	  (Chang	  et	  al.,	  2007),	  VPP	  (Naash	  et	  al.,	  1993),	  and	  retinal	  degeneration	  slow	  (rds)	  mouse	  (Travis	  et	  al.,	  1989).	  Rd1	  and	  rd10	  mice	  carry	  a	  recessive	  nonsense	  or	  missense	  mutation,	  respectively,	  in	  the	  β-­‐subunit	  of	  the	  Pde	  gene,	  resulting	  in	  either	  a	  rapid	  degeneration	  with	  early	  onset	  (rd1)	  or	  slower	  retinal	  degenerative	  process	  at	  later	  onset	  (rd10).	  The	  VPP	  mouse	  expresses	  a	  rhodopsin	  transgene	  encoding	  a	  dominant	  mutant	  protein	  with	  three	  amino	  acid	  substitutions	  (V20G,	  P23H,	  P27L),	  resulting	  in	  photoreceptor	  apoptosis	  beginning	  at	  two	  weeks	  after	  birth	  and	  progressing	  over	  several	  weeks.	  The	  rds	  mouse	  contains	  a	  10	  kb	  insertion	  in	  the	  middle	  of	  the	  peripherin/rds	  gene	  and	  OS	   in	   these	  mice	  appear	  abnormal	   and	   shortened	   resulting	   in	  a	  progressive	  death	  of	  photoreceptors,	  starting	  around	  two/three	  weeks	  after	  birth	  (Ma	  et	  al.,	  1995).	  It	   is	   relatively	  difficult	   to	   find	  appropriate	  models	  mimicking	  AMD.	   In	   fact,	   a	  human-­‐like	  macula	  can	  be	  found	  only	  in	  primates,	  and	  animals	  need	  to	  survive	  for	  a	  long	  lifespan	  to	  develop	  an	  age-­‐related	  disease	  such	  as	  AMD.	  Nevertheless,	  a	   limited	  number	  of	  mouse	  models	  partially	  mimicking	  some	  features	  of	  the	  disease	  exist.	  For	  example,	  transgenic	  mice	  that	  express	  a	  mutant	  form	  of	  human	  elongation	  of	  very	  long	  chain	  fatty	  acids	  protein	  4	  (ELOVL4) show	  RPE	  changes,	  including	   vacuolization,	   accumulation	   of	   debris	   in	   the	   subretinal	   space,	   and	   pigment	   granule	  deposits	  (Karan	  et	  al.,	  2005).	  	  
1.2.3.2 Light	  Exposure	  as	  Model	  for	  Induced	  Retinal	  Degeneration	  
Retinal	   degeneration	   can	   be	   induced	   by	   many	   different	   exogenous	   stimuli,	   including	  among	  others	  N-­‐methyl-­‐N-­‐nitrosourea	   (MNU),	   iron,	   led	  or	   calcium	  overload,	  or	   treatment	  with	  autoantibodies	  (Samardzija	  et	  al.,	  2010).	  Light	   damage	   is	   an	   experimental	   model	   used	   to	   induce	   apoptosis	   of	   photoreceptors	  (Portera-­‐Cailliau	   et	   al.,	   1994).	   Compared	   to	   the	   many	   genetic	   models	   mimicking	   RP,	   the	   light	  damage	  model	  has	  the	  advantage	  that	  the	  timing	  and	  intensity	  of	  the	  stimulus	  triggering	  retinal	  degeneration	   can	   be	   adjusted	   to	   meet	   experimental	   needs.	   This	   allows	   the	   induction	   of	   the	  degeneration	   at	   the	   age	   of	   choice	   and	   the	   control	   of	   the	   extent	   of	   photoreceptor	   death.	  Furthermore,	   exposure	   to	   toxic	   levels	   of	   light	   induces	   a	   synchronized	   burst	   of	   photoreceptor	  apoptosis,	   facilitating	   the	   analysis	   of	   the	   molecular	   events	   of	   the	   initiation,	   progression	   and	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termination	   of	   the	   degeneration.	   The	   cell	   death	   program	   initiated	   by	   light	   exposure	   can	   be	  divided	   into	   4	   phases:	   induction,	   death	   signal	   propagation,	   execution	   and	   clearance	   of	  photoreceptor	  debris.	  At	  12	  hours	  after	   light	  exposure,	  pyknotic	  nuclei	  appear,	  and	  the	  peak	  of	  photoreceptor	  apoptosis	  is	  approximately	  after	  36	  hours	  (Wenzel	  et	  al.,	  2005).	  After	  induction	  of	  apoptosis,	  activated	  retinal	  microglia	  and	  blood-­‐derived	  macrophages	  invade	  the	  retina	  and	  clear	  photoreceptor	  debris	  (Joly	  et	  al.,	  2009).	  By	  10	  days	  after	  light	  exposure,	  almost	  no	  photoreceptor	  nucleus	  is	  left	  in	  the	  damaged	  area	  (Fig.	  11).	  	  
 
Figure	   11	   Light-­induced	   retinal	   degeneration.	   The	   time	   course	   of	   morphological	   changes	   in	   photoreceptors	   after	  exposure	   to	   intense	   toxic	   levels	  of	  white	   light	   is	   shown.	  Already	   immediately	  after	   light	  exposure,	   first	  pyknotic	  nuclei	  (short	   arrowheads)	   and	   condensed	   inner	   segments	   or	   apoptotic	   bodies	   (arrows)	   are	   noticed.	  Rod	  outer	   segments	   are	  vesiculated	   (long	   arrowheads).	   More	   pyknotic	   nuclei	   appear	   and	   rod	   outer	   and	   inner	   segments	   disintegrate	   with	  increasing	   time	  after	   light	  exposure.	  10	  days	   following	   light	  exposure,	  photoreceptor	  cells	  are	  mostly	  cleared	   from	  the	  retina.	   PE:	   pigment	   epithelium,	   ROS:	   rod	   outer	   segments,	   RIS:	   rod	   inner	   segments,	   ONL:	   outer	   nuclear	   layer.	   (Figure:	  	  (Wenzel	  et	  al.,	  2005)):	  	   Studies	  investigating	  the	  molecular	  mechanisms	  of	  light-­‐induced	  photoreceptor	  apoptosis	  revealed	   that	   light	   damage	   depends	   on	   the	   visual	   cycle.	   In	   fact,	   Rpe65-­/-­	   (retinal	   pigment	  epithelium	   65)	   mice	   have	   a	   compromised	   visual	   cycle	   and	   are	   resistant	   to	   light-­‐induced	  photoreceptor	  apoptosis	   (Grimm	  et	  al.,	  2000).	  Mice	  carrying	  a	  methionine	   instead	  of	   leucine	  at	  position	   450	   of	   the	   Rpe65	   gene,	   have	   a	   slower	   rhodopsin	   regeneration	   kinetic	   and	   are	   less	  sensitive	  to	  light	  damage	  (Wenzel	  et	  al.,	  2001).	  In	  addition,	  mice	  anesthetized	  with	  halothane	  are	  resistant	   to	   light-­‐induced	   photoreceptor	   apoptosis.	   This	   is	   due	   to	   prevention	   of	   rhodposin	  regeneration	   by	   the	   competition	   of	   halothane	   with	   11-­‐cis-­‐retinal	   for	   binding	   to	   the	   opsin	  molecule	  (Keller	  et	  al.,	  2001).	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1.3 Oxygen	  in	  the	  Retina	  
Photoreceptors	   consume	   much	   of	   the	   energy	   required	   for	   the	   process	   of	   vision.	  Preservation	  of	  the	  correct	  ion	  gradients,	  by	  extrusion	  of	  Na+	  ions	  in	  OS,	  and	  Na+	  and	  Ca2+	  in	  the	  IS,	  depletes	  most	  of	  ATP	  stores	  and	  leads	  to	  a	  single	  rod	  consuming	  up	  to	  108	  ATP	  s-­‐1	  under	  dark	  conditions	   (Okawa	   et	   al.,	   2008).	   Photoreceptors	   mainly	   generate	   ATP	   through	   the	   process	   of	  oxidative	   phosphorylation	   (Ames	   et	   al.,	   1992).	   Therefore	   the	   retina	   demands	   high	   levels	   of	  oxygenation	   and	   prompt	   delivery	   of	   nutrients	   to	   generate	   sufficient	   ATP	   for	   proper	  photoreceptor	  function,	  especially	  under	  dark	  conditions	  when	  the	  highest	  rate	  of	  ion	  pumping	  is	  needed	   (Stefansson	  et	  al.,	  1983;	  Haugh	  et	  al.,	  1990).	  As	  a	   consequence,	   the	   retina	   is	  one	  of	   the	  tissues	  with	  the	  highest	  metabolic	  rate	  (Ames	  et	  al.,	  1992),	  and	  its	  rate	  of	  oxygen	  consumption	  is	  faster	  than	  that	  of	  any	  other	  tissue	  (Kimble	  et	  al.,	  1980;	  Weiter	  and	  Zuckerman,	  1980;	  Anderson	  and	   Saltzman,	   1964;	   Ames,	   1992).	   The	   levels	   of	   energy	   expenditure	   are	   very	   different	   under	  photopic	  conditions,	  where,	  as	  a	  result	  of	  the	  decreased	  ion	  influx,	  photoreceptors	  reduce	  their	  rate	  of	   ion	  pumping	  and	  require	  much	  less	  ATP.	  In	  fact,	   the	  total	  consumption	  of	  ATP	  drops	  by	  more	  than	  75%	  when	  a	  retina	  gets	  exposed	  to	  bright	  light	  (Okawa	  et	  al.,	  2008).	  
1.3.1 The	  Retinal	  and	  Choroidal	  Vasculature	  
A	   tightly	  balanced	  and	  constant	  blood	   flow	   through	  a	  vascular	   system	   is	  of	   fundamental	  importance	  to	  ensure	  an	  appropriate	  delivery	  of	  oxygen	  and	  nutrients	  to	  a	  tissue.	  For	  this	  reason,	  it	   is	   not	   surprising	   that	   the	   high	   energy-­‐demanding	   retinal	   tissue	   is	   supplied	   by	   very	  sophisticated	  vascular	  beds,	  providing	  adequate	  blood	  perfusion	  to	  meet	  the	  metabolic	  needs	  of	  the	   retina.	   In	   vascularised	   retinas,	   oxygen	   and	   nutrients	   are	   delivered	   through	   two	   separate	  systems:	   the	  choroidal	  and	  the	  retinal	  vasculature.	  The	  ophthalmic	  artery	  delivers	  blood	  to	   the	  choroidal	   vessels,	   which	   are	   responsible	   for	   the	   nourishment	   of	   the	   outer	   retina.	   The	   central	  retinal	  artery	  and	  the	  short	  posterior	  ciliary	  arteries	  supply	  the	  retinal	  vasculature	  that	  delivers	  oxygen	   and	  nutrients	   to	   the	   inner	   retina.	   Venous	   ocular	   outflow	  occurs	   predominantly	   via	   the	  vortex	  veins	  and	  the	  central	  retinal	  vein.	  	  The	  extent	  of	  vascular	  coverage	   is	  variable	  among	  mammalian	  species.	  For	  example,	   the	  retina	   of	   rodents,	   primates,	   and	   cats	   is	   highly	   vascularised,	   while	   rabbits	   possess	   a	   partially	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vascularised	  and	  guinea	  pigs	  a	  completely	  avascular	  retina.	  Avascular	  retinas	  rely	  only	  upon	  the	  choroidal	  vasculature	  for	  the	  diffusion	  of	  oxygen	  to	  the	  inner	  retina.	   In	  addition,	  the	  number	  of	  parallel	   intraretinal	   capillary	   plexi	   found	   in	   vascularised	   retinas	   can	   differ	   among	   species.	   For	  instance,	  in	  the	  primate	  and	  rat	  retina,	  a	  superficial	  vascular	  plexus	  is	  found	  on	  the	  NFL/GCL	  and	  is	   interconnected	  with	   a	   deep	   capillary	  plexus	   in	   the	  OPL	   (Kur	   et	   al.,	   2012).	   The	  mouse	   retina	  instead	   has	   an	   additional	   intermediate	   capillary	   plexus	   found	   at	   the	   inner	   margin	   of	   the	   INL	  (Fruttiger,	  2007)	   (Fig.	  12).	   In	  addition,	   the	  primate	  retina	   is	  avascular	   in	   the	   fovea,	   in	  order	   to	  permit	  undisturbed	  light	  penetration	  in	  this	  region	  of	  high	  acuity	  vision	  (Gariano,	  2010).	  	  
	  
Figure	  12	  Capillary	  plexi	  of	   the	  mouse	  retinal	  vasculature.	   Immunostaining	  of	   vessels	  on	  a	   retinal	   flatmount	   from	  129S6/Tac	  wt	  mice,	   stained	  with	   isolectin	   IB4.	   (A)	   Images	   of	   the	  different	   capillary	  plexi	   in	   flatmounts	  were	   taken	  by	  adjusting	  the	  focal	  plane	  of	  the	  confocal	  microscope	  accordingly.	  Vessels	  of	  the	  different	  vascular	  plexi	  are	  highlighted	  by	  artificial	   colouring	   (primary	  plexus:	  blue;	   intermediate	  plexus:	   green;	  outer	  plexus:	   red).	  (B)	  Merged	  picture	   from	  (A).	  Scale	  bar:	  200	  µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   The	   circulation	   properties	   of	   the	   choroidal	   and	   retinal	   vascular	   beds	   have	   significant	  differences.	   The	   retinal	   vasculature	   has	   sophisticated	   autoregulatory	   mechanisms	   to	   oxygen	  fluctuations	   (Flammer	   and	  Mozaffarieh,	   2008),	   and	   a	   high	   arteriovenous	   oxygen	   gradient.	   The	  highly	   vascularised	   choroid	   has	   limited	   autoregulatory	   responses,	   and	   has	   only	   a	   minor	  difference	  in	  the	  arteriovenous	  oxygen	  concentration	  (Pournaras	  et	  al.,	  2008).	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1.3.2 The	  Blood-­‐Retina	  Barrier	  
A	   tight	   homeostatic	   regulation	   of	   the	   retinal	   microenvironment	   is	   fundamental	   for	   an	  optimal	  tissue	  function,	  as	  well	  as	  for	  cell	  survival.	  A	  misregulated	  tissue	  milieu	  may	  be	  causative	  or	   contributory	   to	   the	   etiology	  of	   different	  disease	  of	   the	   retina.	  The	  BRB	   represents	   a	   central	  player	   in	   the	   control	   of	   the	   local	   homeostasis	   of	   the	   neural	   tissue	   of	   the	   eye.	   Like	   its	   cerebral	  counterpart	   -­‐	   the	  blood-­‐brain	  barrier	   (BBB)	  –	   the	  BRB	  controls	   fluid	  and	  molecular	  movement	  between	  the	  vasculature	  and	  the	  tissue	  microenvironment.	  This	  prevents	  the	  potentially	  harmful	  leakage	   of	  macromolecules	   and	   damaging	   agents	   into	   the	   retina,	   and	   regulates	   the	   removal	   of	  waste	  products.	  The	  BRB	  can	  be	  subdivided	  into	  an	  internal	  component	  –	  the	  inner	  BRB	  (iBRB)	  –	  formed	   by	   tight	   junctions	   between	   capillary	   endothelial	   cells	   of	   retinal	   vessels	   (Shakib	   and	  Cunha-­‐Vaz,	  1966),	  and	  an	  outer	  component	  –	  the	  outer	  BRB	  (oBRB)	  -­‐	  where	  tight	  junctions	  are	  formed	  between	  RPE	  cells	   (Cunha-­‐Vaz,	  1979).	  Capillary	  endothelial	  cells	  of	   the	  retinal	  vascular	  bed	   are	   surrounded	   by	   a	   basal	   lamina	   that	   separates	   them	   from	   pericytes,	   astrocytes	   and	  processes	  of	  Müller	  cells,	  all	  cells	  that	  are	  thought	  to	  contribute	  to	  iBRB	  integrity	  (Ashton,	  1965;	  Reichenbach	  et	  al.,	  2007).	  Among	  them,	  pericytes	  maintain	   the	  capillary	  structure,	  support	  and	  communicate	   to	   endothelial	   cells,	   and	   regulate	   vascular	   tone	   and	   regional	   blood	   flow	   (Sims,	  1991;	   Frank	   et	   al.,	   1990;	   Bandopadhyay	   et	   al.,	   2001).	   The	   pericyte	   coverage	   density	   of	   retinal	  capillaries	   has	   been	   reported	   to	   be	   higher	   than	   in	   other	   parts	   of	   the	   CNS	   (Frank	   et	   al.,	   1990).	  Furthermore,	   the	  ratio	  of	  pericytes	   to	  endothelial	  cells	   in	   the	  retina	   is	  higher	  than	   in	  any	  other	  vascular	  bed	  (Balabanov	  and	  Dore-­‐Duffy,	  1998).	  	  The	  oBRB	   is	  an	   important	  physiological	  barrier	   that	  regulates	   the	  otherwise	   free	   flow	  of	  molecules	   between	   the	   permeable	   choriocapillaries	   and	   the	   outer	   retina.	   RPE	   cells	   and	   the	  Bruch’s	   membrane	   separate	   fenestrated	   choriocapillaries	   from	   the	   neuroretina	   (Cunha-­‐Vaz,	  1978).	  The	  barrier	   function	   includes	   the	   isolation	  of	   the	   retina	   from	  systemic	   influences	  at	   the	  side	  of	  the	  choroid,	  thus	  representing	  an	  important	  contribution	  to	  the	  immune	  privilege	  of	  the	  eye	  (Benhar	  et	  al.,	  2012).	  It	  also	  controls	  a	  highly	  selective	  and	  regulated	  transverse	  transport	  of	  molecules	  between	  the	  choroidal	  side	  and	  the	  subretinal	  space.	  This	  epithelial	  transport	  provides	  nutrients	   to	   photoreceptors	   (Ban	   and	   Rizzolo,	   2000),	   manages	   the	   ion	   homeostasis	   in	   the	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subretinal	   space	   (Wimmers	   et	   al.,	   2007)	   and	   removes	   water	   and	   metabolites	   from	   the	   retina	  (Hamann,	  2002).	  	  The	   stability	   of	   the	   BRB	   depends	   on	   the	   correct	   function	   and	   viability	   of	   its	   cellular	  components.	   For	   that	   reason,	   the	   integrity	   of	   the	   BRB	   can	   be	   lost	   under	   ischemic	   /	   hypoxic	  conditions,	  when	   cell	   function	   and	   survival	   are	  put	  under	  pressure	   (Kaur	   et	   al.,	   2008).	   Loss	   of	  pericytes,	  and	  the	  consequent	  disruption	  of	  the	  iBRB,	  is	  an	  early	  event	  in	  DR	  (Ejaz	  et	  al.,	  2008).	  Also,	   dysfunction	   of	  Müller	   cells	  may	   contribute	   to	   a	   BRB	   breakdown	   in	   different	   pathological	  conditions	   (Tretiach	  et	   al.,	   2005).	  Under	  hypoxic	   conditions,	   the	   iBRB	   is	  disrupted	   (Kaur	  et	   al.,	  2007)	   and	   vascular	   permeability	   is	   enhanced	   (Josko	   and	   Knefel,	   2003),	   eventually	   leading	   to	  oedema.	  The	  enhanced	  secretion	  of	   the	  vascular	  permeability	   factor	  VEGFA	  by	  Müller	  cells	   is	  a	  main	  determinant	  of	  BRB	  breakdown	  and	  vascular	   leakage	  (Eichler	  et	  al.,	  2000;	  Tretiach	  et	  al.,	  2005).	  This	  is	  exacerbated	  by	  a	  reduced	  production	  of	  pigment	  epithelium-­‐derived	  growth	  factor	  (PEDF,	   encoded	   by	   the	   Serpinf1	   gene	   in	  mice),	   a	   VEGFA	   antagonist	   secreted	   by	  Müller	   glia	   in	  hypoxia	   (Duh	   et	   al.,	   2002).	   In	   addition,	   under	   hypoxic	   and	   ischemic	   conditions,	   astrocyte	   and	  Müller	   cell	   swelling	  occurs	   as	   a	   result	   of	   altered	   ionic	  homeostasis,	   production	  of	   free	   radicals	  and	   energy	   failure	   (Bringmann	   et	   al.,	   2005).	   Swelling	   of	   glial	   cells	   is	   associated	  with	   vascular	  leakage	  in	  the	  hypoxic	  retina	  (Stepinac	  et	  al.,	  2005).	  Additionally,	  also	  increased	  nitric	  oxide	  (NO)	  production	  by	  upregulation	  of	  inducible	  NO	  synthase	  (iNOS,	  encoded	  by	  the	  Nos2	  gene	  in	  mice)	  under	  hypoxic	  conditions	  correlates	  with	  disruption	  of	  the	  iBRB	  (El-­‐Remessy	  et	  al.,	  2003;	  Kaur	  et	  al.,	  2006).	  	  In	  contrast	  to	  the	  iBRB,	  the	  oBRB	  seems	  to	  be	  much	  more	  resistant	  to	  ischemic	  /	  hypoxic	  insults.	  No	  appreciable	  changes	  can	  be	  seen	  in	  tight	  junctions	  of	  the	  oBRB,	  although	  RPE	  cellular	  changes	   are	   observed	   under	   reduced	   oxygen	   tension	   (Johnson	   and	   Foulds,	   1978;	   Kaur	   et	   al.,	  2007).	  Even	  though	  the	  oBRB	  appears	  to	  be	  resistant	   to	  hypoxia,	   the	  barrier	  becomes	  unstable	  when	   other	   factors	   such	   as	   oxidative	   stress	   are	   involved	   (Jiang	   et	   al.,	   2000).	   This	   has	   been	  reported	  in	  macular	  oedema	  in	  AMD	  (Vinores	  et	  al.,	  1999).	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1.3.3 Intraretinal	  Oxygen	  Profile	  
Oxygen	   tension	   profiles	   in	   the	   retina	   reflect	   the	   spatial	   arrangement	   of	   the	   retinal	   and	  choroidal	  vascular	  bed,	  the	  degree	  of	  perfusion,	  and	  the	  oxygen	  utilization	  rates	  of	  different	  cell	  types.	  The	  intraretinal	  oxygen	  distribution	  in	  mammalian	  species	  with	  vascularised	  retinas,	  such	  as	  pigs	  (Pournaras	  et	  al.,	  1989),	  cats	  (Alder	  et	  al.,	  1983),	  rats	  (Cringle	  et	  al.,	  1991;	  Yu	  et	  al.,	  1994),	  and	  monkeys	   (Ahmed	  et	  al.,	  1993;	  Yu	  et	  al.,	  2005)	  have	  been	  measured	  using	  oxygen-­‐sensitive	  microelectrodes	   and	   appear	   very	   similar	   among	   each	  other.	   For	   example,	   in	   rats	   the	  profile	   of	  oxygen	  distribution	  across	  the	  retinal	  layers	  and	  the	  choroid	  is	  heterogeneous.	  Here,	  the	  highest	  oxygen	   tension	   is	   found	   in	   the	   choroid,	   showing	   a	   considerable	   drop	   throughout	   the	  photoreceptor	  layer,	  with	  an	  almost	  vertical	  gradient	  towards	  the	  IS.	  This	  steep	  gradient	  reflects	  the	   high	   oxygen	   consumption	   rate	   of	   these	   neurons	   together	   with	   the	   localization	   of	  mitochondria	   in	  photoreceptor	  IS	  (Linsenmeier,	  1986;	  Yu	  et	  al.,	  1994;	  Cringle	  et	  al.,	  2002).	  The	  two	  plexiform	  layers	  are	  the	  dominant	  oxygen	  consuming	  layers	  in	  the	  inner	  retina,	  as	  they	  also	  contain	  a	  high	  number	  of	  mitochondria	  (Yu	  et	  al.,	  2007;	  Yu	  and	  Cringle,	  2001).	  As	  a	  consequence,	  the	  high-­‐energy	  demand	  in	  these	  synaptic	  layers	  causes	  the	  oxygen	  tension	  profile	  to	  drop.	  The	  presence	   of	   the	   primary	   vascular	   plexus	   towards	   the	   vitreal	   side	   of	   the	   retina	   causes	   oxygen	  tension	  to	  finally	  increase	  again	  at	  the	  GCL	  (Yu	  et	  al.,	  1994)	  (Fig.	  13).	  	  This	   general	   picture	   can	   vary	   to	   some	   degree,	   and	   the	   control	   of	   oxygen	   supply	   to	   the	  outer	   retina	   can	   be	   dynamic,	   especially	   under	   conditions	   of	   highest	   ATP	   consumption	   by	  photoreceptors,	   e.g.	   in	   darkness	   (Linsenmeier,	   1986).	   Under	   these	   circumstances,	   the	   high	  oxygen	  consumption	  rate	  of	  photoreceptors	  significantly	  increases	  the	  risk	  of	  hypoxia,	  especially	  under	  pathological	   conditions,	   such	  as	  disturbed	  oxygen	  diffusion	   from	  the	  choroid,	  as	   in	  AMD	  (Stefansson	  et	  al.,	  2011).	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Figure	  13	  Oxygen	  distribution	  profile	  of	  the	  rat	  retina.	  (A)	  Schematic	  illustration	  of	  the	  position	  of	  the	  capillary	  plexi	  (red)	  -­‐	  the	  superficial	  plexus	  (found	  in	  the	  NFL)	  and	  the	  deeper	  capillary	  plexus	  (located	  at	  the	  outer	  boundary	  of	  the	  INL)	  -­‐	  and	  the	  directions	  of	  oxygen	  diffusion	  (blue	  arrows).	  Ch:	  Choroid,	  RPE:	  retinal	  pigment	  epithelium,	  photoreceptor	  outer	  (OS)	  and	  inner	  (IS)	  segments,	  ONL:	  outer	  nuclear	   layer,	  OPL:	  outer	  plexiform	  layer,	   INL:	   inner	  nuclear	   layer,	   IPL:	   inner	  plexiform	  layer,	  GCL:	  ganglion	  cell	  layer,	  NFL:	  nerve	  fibre	  layer.	  (B)	  Intraretinal	  oxygen	  distribution	  profile	  of	  a	  rat	  retina.	  The	  oxygen	  distribution	  profiles	  of	  a	  light-­‐adapted	  (red	  line)	  and	  a	  dark-­‐adapted	  (black	  line)	  rat	  retina	  are	  shown.	  The	  y-­‐axis	  follows	  the	  section	  through	  the	  retina	  shown	  in	  A).	  (Figure:	  (Caprara	  and	  Grimm,	  2012))	  	   To	  maintain	  sufficient	  oxygenation,	  photoreceptors	  may	  increase	  oxygen	  exploitation	  from	  the	   intraretinal	   capillaries	   and/or	   use	   the	   autoregulatory	   ability	   of	   the	   retinal	   vasculature	   to	  compensate	   for	   the	   increased	   oxygen	   demand	   in	   times	   of	   high	   ATP	   consumption	   (Feke	   et	   al.,	  1983).	  	  
1.3.4 Hypoxic	  Events	  in	  Retinal	  Development	  
Photoreceptors	  are	  the	  major	  cell	  population	  in	  the	  retina	  and	  their	  demand	  for	  oxygen	  is	  extremely	   elevated	   (Chapter	   1.3).	   In	   rodents,	   photoreceptors	   are	   generated	   post-­‐natally	   from	  retinal	   progenitor	   cells	   (RPCs)	   and	   retinal	   activity	   begins	   only	   after	   lamination	   and	   synaptic	  connectivity	   is	   completed	   (Reese,	   2011).	   Retinal	   activity	   is	   linked	   to	   an	   increase	   in	   oxidative	  metabolism,	  an	  event	  that	  occurs	  before	  the	  retinal	  vasculature	  has	  fully	  developed	  (Graymore,	  1959),	   hence	   before	   the	   optimal	   supply	   of	   oxygen	   can	   be	   guaranteed.	   As	   a	   consequence,	   the	  retina	  may	  experience	  a	  physiological	  period	  of	  chronic	  hypoxia	  during	  post-­‐natal	  development,	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timely	  limited	  to	  the	  period	  of	  the	  start	  of	  neuronal	  function	  and	  the	  end	  of	  retinal	  angiogenesis	  (Chan-­‐Ling	  et	  al.,	  1995).	  Therefore,	  the	  ratio	  between	  oxygen	  consumption	  and	  supply	  can	  vary	  considerably	  depending	  upon	  on	  the	  developmental	  stage	  and	  age	  of	  the	  retinal	  tissue.	  
1.3.5 Hypoxia	  and	  Retinal	  Angiogenesis	  
The	  vascular	  system	  that	  feeds	  the	  inner	  retina	  has	  to	  undergo	  remarkable	  reorganization	  during	  development	  in	  order	  to	  support	  neuronal	  survival	  and	  to	  meet	  the	  increased	  demand	  for	  oxygen	  as	  retinal	  neural	  activity	  begins.	  The	  embryonic	  inner	  retina	  is	  nourished	  by	  the	  hyaloid	  vasculature	  that	  fills	  the	  interior	  of	  the	  optic	  cup.	  This	  embryonic	  vascular	  system	  is	  replaced	  by	  the	   retinal	   vasculature	   during	   development	   (Saint-­‐Geniez	   and	   D'Amore,	   2004).	   In	   the	   human	  foetus,	   this	   switch	   takes	   place	   at	   around	   18	   weeks	   of	   gestation.	   In	   mice,	   rats	   and	   other	   non-­‐primate	  mammals,	   the	   retinal	   vasculature	   develops	   post-­‐natally.	   Therefore,	   the	  mouse	   and	   rat	  retina	  have	  become	  an	  attractive	  model	  tissue	  to	  study	  angiogenic	  processes.	  In	  fact,	  the	  retina	  in	  newborns	   is	   an	   easy	   accessible	   tissue	   for	   both	   imaging	   and	   experimentation,	   in	   contrast	   to	  embryonic	  studies,	  which	  are	  per	  se	  more	  experimentally	  challenging	  (Stahl	  et	  al.,	  2010).	  	  	  Preceding	  the	  development	  of	  the	  retinal	  vasculature,	  astrocytes	  migrating	  from	  the	  ONH	  invade	   the	  retina,	  proliferate	  and	  spread	   in	  a	  radial	   fashion	  across	   the	  NFL	   towards	   the	  retinal	  periphery	  (Stone	  and	  Dreher,	  1987;	  Watanabe	  and	  Raff,	  1988;	  Ling	  et	  al.,	  1989).	  As	  an	  end	  result,	  an	  astrocytic	  meshwork	   is	  generated	   that	  eventually	  acts	  as	  a	   template	   for	   the	  development	  of	  the	  vessels	  of	  the	  primary	  plexus	  by	  providing	  a	  glial	  template	  to	  guide	  the	  migration	  of	  vascular	  endothelial	   cells	   (Stone	   et	   al.,	   1995;	   Jiang	   et	   al.,	   1995;	   Zhang	   and	   Stone,	   1997;	   Fruttiger	   et	   al.,	  1996;	   Dorrell	   et	   al.,	   2002).	   Accordingly,	   the	   vessels	   of	   the	   primary	   plexus	   also	   grow	   in	   a	  centrifugal	  manner	  from	  the	  ONH,	  reaching	  the	  periphery	  within	  the	  first	  post-­‐natal	  week	  in	  mice	  (Connolly	  et	  al.,	  1988).	  The	  emergent	  “physiological	  hypoxia”	  that	  occurs	  in	  the	  developing	  retina	  (see	  above)	  is	  a	  crucial	  event	  regulating	  the	  development	  of	  the	  retinal	  vasculature.	  Three	  lines	  of	  evidence	  support	  an	  oxygen-­‐dependent	  regulation	  of	  angiogenesis	  in	  the	  retina.	  First,	  the	  timing	  and	  central-­‐to-­‐peripheral	  course	  of	   the	  angiogenic	  wave	  match	  the	  developmental	  processes	  of	  retinal	  neurons	  that	  apparently	  result	  in	  locally	  reduced	  oxygen	  tension.	  Indeed,	  the	  centrifugal	  waves	   of	   neuronal	   proliferation,	   differentiation,	   synaptic	   connectivity	   and	   eventually	   neuronal	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activity,	  start	  in	  the	  central	  retina	  and	  then	  expand	  towards	  the	  retinal	  periphery	  (Neumann	  and	  Nuesslein-­‐Volhard,	  2000).	  This	  observation	  suggests	  that	  the	  metabolic	  demand	  of	  neurons,	  and	  the	  resulting	  “physiological	  hypoxia”,	  induce	  vascularisation	  of	  the	  tissue	  (Chan-­‐Ling	  et	  al.,	  1995).	  Second,	   in	   several	   ocular	   diseases,	   retinal	   ischemia	   induces	   the	   pathological	   growth	   of	   new	  vessels	  by	  angiogenesis	  (Grimm	  and	  Willmann,	  2012)).	  Third,	  the	  expression	  of	  a	  number	  of	  pro-­‐	  and	  anti-­‐angiogenic	  factors	  is	  regulated	  by	  oxygen	  tension.	  The	  emerging	  tissue	  hypoxia	  during	  development	   leads	   to	   an	   increased	   expression	   of	  Vegfa,	   which	   forms	   a	   concentration	   gradient	  with	  high	  levels	  in	  the	  avascular	  retina,	  and	  reduced	  expression	  in	  the	  regions	  where	  the	  retina	  is	  vascularised,	  and	  hypoxia	  is	  relieved	  (Stone	  et	  al.,	  1995;	  Pierce	  et	  al.,	  1996;	  West	  et	  al.,	  2005).	  The	  growth	  of	  the	  vessels	  of	  the	  primary	  plexus	  is	  believed	  to	  be	  induced	  by	  this	  central-­‐to-­‐peripheral	  VEGFA	  gradient.	  VEGFAs	  are	  growth	   factors	   expressed	   in	   several	   splice	  variants	  with	  different	  lengths	   (reviewed	   in	   (Holmes	   and	   Zachary,	   2005)).	   VEGFA	   isoforms	   bind	   to	   two	   high-­‐affinity	  VEGF	  receptors	  (VEGFR),	  i.e.	  VEGFR1	  (de	  Vries	  et	  al.,	  1992)	  and	  VEGFR2	  (Millauer	  et	  al.,	  1993),	  which	   leads	   to	   an	   increased	   vascular	   permeability	   and	   the	   proliferation	   of	   endothelial	   cells	  (Miller	  et	  al.,	  1994).	  VEGFR	  signalling	  also	  assists	  the	  growth	  of	  the	  developing	  blood	  vessels	  by	  increasing	  the	  production	  of	  matrix	  metalloproteinases	  (MMPs)	  (Yancopoulos	  et	  al.,	  2000). The	  distinct	  VEGFA	   isoforms	  are	   thought	   to	  have	  distinct	   roles	   in	  vascular	  patterning	   in	   the	   retina.	  The	   guidance	   signals	   from	  VEGF164	   and	  VEGF188	   isoforms,	  which	   are	  more	   cell-­‐	   and	  matrix-­‐bound	  and	  thus	  less	  diffusible,	  present	  a	  track	  along	  which	  retinal	  vessels	  can	  properly	  grow. On	  the	  other	  hand,	  the	  more	  diffusible	  VEGF120	  isoform	  does	  not	  offer	  this	  spatial	  information,	  and	  its	  secretion	  results	  in	  reduced	  vessel	  branching	  (Stalmans	  et	  al.,	  2002).	  Considerable	   effort	   has	   been	  made	   over	   the	   past	   years	   to	   identify	   the	   cellular	   origin	   of	  VEGFA	  production	  during	  retinal	  angiogenesis.	  Retinal	  astrocytes	  have	  been	  proposed	  to	  be	  the	  source	  of	  VEGFA	  secretion	  in	  the	  avascular	  retina	  of	  the	  newborn	  mouse	  (Chan-­‐Ling	  et	  al.,	  1995;	  Stone	  et	  al.,	  1995;	  Pierce	  et	  al.,	  1996;	  Dorrell	  et	  al.,	  2002;	  Gerhardt	  et	  al.,	  2003;	  West	  et	  al.,	  2005).	  However,	   recent	   advances	   have	   questioned	   this	   notion.	   In	   fact,	   the	   vasculature	   develops	   quite	  normally	  when	  the	  Vegfa	  gene	  is	  ablated	  in	  astrocytes	  (Weidemann	  et	  al.,	  2010).	  Thus,	  RGCs	  are	  discussed	  as	  an	  alternative	  source	  of	  VEGFA	  for	  regulation	  of	  developmental	  angiogenesis	  (Stone	  et	  al.,	  1996;	  Sapieha	  et	  al.,	  2008;	  Kim	  et	  al.,	  2010).	  The	  exact	  contribution	  of	  astrocytes,	  RGCs	  or	  additional,	  yet	  unidentified	  cellular	  sources	  of	  hypoxia-­‐mediated	  production	  and	  release	  of	  pro-­‐
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angiogenic	  factors	  needs	  to	  be	  clarified.	  	  Developmental	  angiogenesis	  is	  a	  process	  not	  only	  regulated	  by	  VEGFA	  isoforms	  and	  their	  receptors,	   but	   also	   by	   the	   interaction	   of	   endothelial-­‐specific	   receptor	   tyrosine	   kinase	   (TIE2,	  encoded	   by	   the	   Tek	   gene	   in	   mice)	   (Dumont	   et	   al.,	   1994;	   Puri	   et	   al.,	   1995)	   with	   its	   ligands	  angiopoietin	  1	  (ANG1)	  (Suri	  et	  al.,	  1996),	  and	  angiopoietin	  2	  (ANG2)	  (Hackett	  et	  al.,	  2002).	  It	   is	  imperative	   to	   note	   that	   a	   tightly	   balanced	   expression	   of	   additional	   pro-­‐	   and	   anti-­‐angiogenic	  factors	  is	  required	  for	  the	  angiogenic	  process.	  Advances	  in	  the	  field	  have	  shown	  the	  involvement	  of,	   among	  others,	   insulin-­‐like	  growth	   factor	  1	   (IGF1)	   (Hellstrom	  et	   al.,	   2001),	  placental	   growth	  factor	  (PIGF)	  (Feeney	  et	  al.,	  2003),	  norrin	  (NDP)	  (Zuercher	  et	  al.,	  2012),	  platelet-­‐derived	  growth	  factor	   (PDGF)	   (Fruttiger	   et	   al.,	   1996;	   Lindblom	  et	   al.,	   2003),	   fibroblast	   growth	   factor	   2	   (FGF2)	  (Friedlander	   et	   al.,	   1995;	   Rousseau	   et	   al.,	   2000),	   PEDF	   (Huang	   et	   al.,	   2008),	   and	   leukemia	  inhibitory	  factor	  (LIF)	  (Kubota	  et	  al.,	  2008).	  	  Before	  the	  primary	  plexus	  reaches	  the	  retinal	  periphery,	  the	  deeper	  capillary	  plexi	  start	  to	  grow	  by	  angiogenic	  sprouting	   from	  the	  primary	  plexus,	  a	  process	   that	  occurs	   independently	  of	  retinal	   astrocytes	   (Gariano	   et	   al.,	   1994;	   Provis,	   2001).	   In	   rodents,	   angiogenic	   sprouts	   emerge	  from	  blood	   vessels	   of	   the	   primary	   plexus	   and	  penetrate	   the	   retina	   along	  Müller	   cell	   processes	  (Engerman	  and	  Meyer,	  1965;	  Stahl	  et	  al.,	  2010).	  In	  the	  mouse	  retina,	  when	  the	  growing	  sprouts	  reach	  the	  inner	  and	  outer	  boundaries	  of	  the	  INL,	  they	  form	  the	  outer	  and	  intermediate	  capillary	  plexi	  (Stahl	  et	  al.,	  2010).	  This	  process	  starts	  in	  the	  center,	  expands	  towards	  the	  retinal	  periphery,	  and	   is	   preceded	   by	   a	   transient	   and	   hypoxia-­‐driven	   expression	   of	  Vegfa	   transcripts	   in	   the	   INL	  (Stone	  et	  al.,	  1995;	  Sandercoe	  et	  al.,	  2003),	  presumably	  by	  Müller	  glia,	  which	  are	  known	  to	  boost	  VEGFA	  production	  upon	  hypoxia	  in	  the	  adult	  retina	  (Pierce	  et	  al.,	  1995).	  As	  for	  the	  formation	  of	  the	   primary	   plexus,	   additional	   proteins	   besides	   VEGFA	   regulate	   the	   growth	   also	   of	   the	   deep	  capillary	   plexi.	   For	   instance,	   activation	   of	   WNT	   signalling	   by	   NDP	   has	   been	   recognized	   to	   be	  essential	  for	  the	  formation	  of	  the	  intraretinal	  capillary	  plexi	  by	  sprouting	  angiogenesis	  (Luhmann	  et	  al.,	  2005).	  For	  a	  more	  detailed	  description	  of	  the	  mechanisms	  of	  retinal	  angiogenesis,	  I	  refer	  to	  excellent	  reviews	  by	  Fruttiger	  (Fruttiger,	  2007)	  and	  Stahl	  and	  co-­‐workers	  (Stahl	  et	  al.,	  2010).	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1.4 Hypoxia	  Inducible	  Factors	  	  
The	  retina	  is	  a	  tissue	  with	  a	  very	  heterogeneous	  distribution	  of	  oxygen	  through	  its	  layers.	  	  Especially	   photoreceptor	   and	   synaptic	   layers	   experience	   a	   “borderline	   hypoxia”,	   particularly	  under	  conditions	  of	  elevated	  neural	  activity,	  e.g.	  in	  dark	  conditions	  (Chapter	  1.3.3).	  	  Additionally,	  the	   retina	   may	   experience	   hypoxia	   during	   development,	   aging	   and	   under	   pathological	  circumstances.	  Therefore,	  retinal	  cells	  must	  be	  able	  to	  respond	  to	  fluctuations	  in	  oxygen	  tension	  to	  safeguard	  viability	  and	  function.	  A	  family	  of	  heterodimeric	  transcription	  factors	  -­‐	  the	  hypoxia-­‐inducible	   factors	   (HIFs)	   -­‐	   are	   the	   “master	   regulators”	   of	   the	   cellular	   hypoxic	   response	   by	  regulating	  the	  expression	  of	  target	  genes	  involved	  in	  a	  large	  number	  of	  biological	  events.	  These	  include	  angiogenesis,	  regulation	  of	  the	  vascular	  tone,	  changes	  in	  metabolism	  (e.g.	  glycolysis	  and	  mitochondrial	  function),	  erythropoiesis,	  metal	  transport,	  cell	  growth	  and	  survival	  (Majmundar	  et	  al.,	  2010).	  	  HIF	  heterodimers	  are	  composed	  of	  a	  120	  kDa	  alpha	  subunit	  (HIFA)	  and	  a	  91-­‐94	  kDa	  beta	  subunit	  (HIFB,	  also	  known	  as	  aryl	  hydrocarbon	  receptor	  nuclear	  translocator	  (ARNT))	  (Semenza,	  2001;	  Maxwell	  et	  al.,	  2001;	  Harris,	  2002).	  Three	  Hifa	   isoforms	  are	  found	  in	  mammals:	  hypoxia-­‐inducible	  factor	  1a	   (Hif1a)	   (Wang	  et	  al.,	  1995a),	  endothelial	  PAS	  domain-­‐containing	  protein	  1	  /	  hypoxia-­‐inducible	   factor	   2a	   (Epas1	   (Hif2a))	   (Tian	   et	   al.,	   1997;	   Ema	   et	   al.,	   1997;	   Flamme	   et	   al.,	  1997),	  and	  hypoxia-­‐inducible	  factor	  3a	  (Hif3a)	  (Hara	  et	  al.,	  2001;	  Heidbreder	  et	  al.,	  2003;	  Makino	  et	   al.,	   2001,	   2002).	   In	   addition,	   three	   paralogues	   of	   the	   gene	   encoding	   for	   the	   HIFB	   subunit	  (Arnt1,	  Arnt2,	  and	  Arnt3)	  have	  been	  identified	  up	  to	  date	  (Hirose	  et	  al.,	  1996;	  Ikeda	  and	  Nomura,	  1997;	  Hogenesch	   et	   al.,	   1998,	   2000).	  HIF	   transcription	   factors	   are	  members	  of	   the	  basic	  helix-­‐loop-­‐helix	  (bHLH)	  family	  and	  are	  PER-­‐ARNT-­‐SIM	  (PAS)	  domain-­‐containing	  transcription	  factors	  (Wang	   et	   al.,	   1995a).	   At	   the	   structural	   level,	   HIFs	   contain	   a	   PAS	   domain,	   involved	   in	   protein-­‐protein	  interactions,	  and	  a	  bHLH	  domain	  that	  contributes	  to	  both	  HIF	  subunit	  heterodimerisation	  and	  DNA	  binding	   (Jiang	   et	   al.,	   1996).	   In	   addition,	  HIF1A	   and	  EPAS1	   (HIF2A)	   subunits	   have	   an	  oxygen-­‐dependent	  degradation	  domain	  (ODDD),	  and	  two	  transactivation	  domains	  (TAD):	  the	  N-­‐terminal	  TAD,	   involved	   in	  target	  gene	  specificity,	  and	  the	  C-­‐terminal	  TAD,	  which	  contributes	  to	  the	  regulation	  of	  the	  majority	  of	  HIF	  target	  genes	  (Dayan	  et	  al.,	  2006;	  Hu	  et	  al.,	  2007)	  (Fig.	  14).	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Although	   HIF1	   and	   HIF2	   share	   several	   common	   target	   genes,	   e.g.	   Vegfa,	   they	   seem	   to	  regulate	  their	  own	  specific	  sets	  of	   targets	  by	  the	  contribution	  of	   their	  TAD	  domains	  (Loboda	  et	  al.,	  2010).	  	  
	  
Figure	  14	  Structure	  of	  human	  HIF1A,	  HIF2A,	  and	  HIFB.	  Shown	  are	  schematic	  representations	  of	  the	  main	  domains	  of	  HIF	   isoforms,	   including	   the	   PER-­‐ARNT-­‐SIM	   (PAS)	   domain,	   the	   basic	   helix-­‐loop-­‐helix	   (bHLH)	   domain,	   the	   oxygen-­‐dependent	   degradation	   domain	   (ODDD)	   containing	   proline	   (Pro)	   residues	   that	   are	   hydroxylated	   under	   normoxic	  conditions,	  the	  N-­‐terminal	  transactivation	  domain	  (N-­‐TAD),	  and	  the	  C-­‐	  terminal	  transactivation	  domain	  (C-­‐TAD)	  (Figure:	  (Caprara	  and	  Grimm,	  2012)).	  	  	   Expression	   of	  Hif1a	   has	   been	   detected	   in	   virtually	   each	   cell	   type	   in	   every	   tissue,	   while	  
Epas1	   (Hif2a)	   is	   highly	   expressed	   particularly	   in	   the	   endothelium	   of	   blood	   vessels	   (Jain	   et	   al.,	  1998)	   and	   in	   distinct	   cell	   types	   of	   most	   organs,	   including	   brain,	   heart,	   lung,	   kidney,	   liver,	  pancreas,	  and	   intestine	  (Wiesener	  et	  al.,	  2003).	  Expression	  of	  both	  Hif1a	  and	  Epas1	  (Hif2a)	  has	  also	  been	  reported	  in	  the	  retina	  (Thiersch	  et	  al.,	  2009;	  Caprara	  et	  al.,	  2011;	  Mowat	  et	  al.,	  2010).	  Analysis	  of	   the	  expression	  of	   the	  HIFB	  paralogues	  suggest	   that	  Arnt1	   is	   transcribed	  virtually	   in	  every	  tissue,	  Arnt2	   is	  found	  predominantly	  in	  brain	  and	  kidney,	  while	  Arnt3	   is	  highly	  expressed	  in	  brain,	  thymus	  and	  muscle	  (Aitola	  and	  Pelto-­‐Huikko,	  2003;	  Hogenesch	  et	  al.,	  1998).	  Both	  HIF1A	  and	  EPAS1	  (HIF2A)	  isoforms	  form	  functional	  heterodimers	  with	  ARNT1	  and	  ARNT2,	  which	  seem	  to	   have	   a	   partial	   functional	   redundancy	   in	   the	   hypoxic	   response	   in	   vivo	   (Maltepe	   et	   al.,	   1997,	  2000;	  Keith	  et	  al.,	  2001;	  Powell	  and	  Hahn,	  2002).	  Conversely,	  ARNT3	  has	  been	  suggested	  not	  to	  provide	   an	   important	   contribution	   to	   the	   induction	   of	   hypoxic	   gene	   expression	   (Cowden	   and	  Simon,	   2002).	   The	   HIF3A	   isoform	   lacks	   a	   transactivation	   domain	   (Gu	   et	   al.,	   1998),	   and	   was	  proposed	   not	   to	   form	   functional	   transcription	   factors	   but	   instead	   to	   inhibit	   HIF1-­‐	   and	   HIF2-­‐
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mediated	   gene	   regulation	   in	   a	   dominant	   negative	   manner	   by	   binding	   and	   scavenging	   HIFB	  subunits	  (Makino	  et	  al.,	  2001).	  At	   the	   protein	   level,	   both	   HIFA	   and	   HIFB	   subunits	   are	   constitutively	   expressed	   under	  normoxic	  conditions.	  However,	  while	  HIFB	  is	  stable,	  HIFA	  is	  rapidly	  degraded	  in	  the	  presence	  of	  adequate	  oxygen	   levels	   (Huang	  et	  al.,	  1996).	  The	  stability	  of	   the	  alpha	  subunits	   is	   regulated	  by	  several	  oxygen-­‐dependent	  and	  –independent	  mechanisms.	  The	  most	  important	  regulation	  occurs	  by	  a	  fast	  oxygen-­‐dependent	  degradation.	  This	  is	  achieved	  by	  the	  posttranslational	  hydroxylation	  of	   proline	   	   (Pro)	   residues	  within	   the	   ODDD	   of	   the	  HIFA	   subunit	   (Pro	   402	   and	   564	   for	   human	  HIF1A,	  and	  Pro	  405	  and	  531	  for	  human	  HIF2A)	  by	  members	  of	  the	  prolyl-­‐4-­‐hydroxylase	  (PHD)	  family	  of	  proteins.	   	  Among	  these	  hydroxylases,	  PHD1,	  PHD2,	  and	  PHD3	  regulate	  the	  stability	  of	  HIFA	   proteins	   (Epstein	   et	   al.,	   2001).	   The	   degree	   of	   HIFAs	   protein	   hydroxylation	   is	   directly	  proportional	   to	  oxygen	  availability,	   since	  PHDs	  are	  Fe(II)	  dependent	  dioxygenases	   that	   require	  oxygen	   and	   the	   tricarboxylic	   acid	   (TCA)	   cycle	   intermediate	   2-­‐oxoglutarate	   as	   substrates	  (Hewitson	  et	  al.,	  2003;	  McNeill	  et	  al.,	  2002b).	  Thus,	  PHDs	  have	  been	  named	  as	  “cellular	  oxygen	  sensors”,	   directly	   coupling	   cellular	   oxygen	   concentration	   to	   the	   extent	   of	   HIFA	   protein	  hydroxylation,	   and	   thus	   HIFA	   stability.	   In	   fact,	   once	   hydroxylated,	   HIFA	   proteins	   become	  substrates	   for	   poly-­‐ubiquitinylation	   by	   the	   von	   Hippel-­‐Lindau	   protein	   (VHL)	   complex,	   which	  contains	  an	  E3	  ubiquitin	   ligase.	  Poly-­‐ubiquitinylation	  of	  hydroxylated	  HIFA	  proteins	  eventually	  targets	  them	  for	  rapid	  proteasomal	  degradation	  (Maxwell	  et	  al.,	  1999;	  Jaakkola	  et	  al.,	  2001).	  Even	  though	  the	  constitutive	  expression	  of	  HIFA	  subunits	  and	  continuous	  degradation	  under	  normoxic	  conditions	   might	   appear	   as	   a	   wasteful	   process,	   it	   allows	   a	   very	   rapid	   accumulation	   and	   thus	  activation	  of	  these	  transcription	  factors	  once	  their	  degradation	  is	  reduced	  or	  interrupted.	  In	  fact,	  under	  hypoxic	  conditions,	  PHDs	  lack	  oxygen	  as	  a	  cofactor,	  their	  activity	  is	  significantly	  reduced,	  and	   the	   extent	   of	  HIFA	   hydroxylation	   strongly	   decreases	   proportionally	   to	   the	   drop	   in	   oxygen	  availability.	   As	   a	   consequence,	   HIFA	   proteins	   avoid	   proteasomal	   degradation,	   accumulate	   and	  translocate	   to	   the	   nucleus,	   heterodimerize	   with	   HIFB	   and	   recruit	   transcriptional	   co-­‐activators	  such	   as	   p300/CREB	   binding	   protein	   (CBP)	   (Arany	   et	   al.,	   1996)	   (a	   description	   of	   some	   co-­‐activators	  for	  HIF1A	  or	  EPAS1	  (HIF2A)	  can	  be	  found	  in	  (Loboda	  et	  al.,	  2010)).	  Finally,	  active	  HIF	  heterodimers	  and	  co-­‐factors	  bind	  to	  hypoxia	  response	  elements	  (HREs)	  within	  promoters	  of	  HIF	  target	   genes	   to	   regulate	   gene	   expression	   (Chilov	   et	   al.,	   1999a;	  Gradin	   et	   al.,	   1996;	  Kallio	   et	   al.,	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1997;	  Wenger	  et	  al.,	  2005).	  A	  degree	  of	  regulation	  of	  the	  activity	  of	  HIFA	  proteins	  is	  mediated	  by	  factor	   inhibiting	  HIF	  (FIH)	  that	  hydroxylates	  HIFAs	  at	  an	  asparagine	  (Asn)	  residue	  (Asn803	  for	  human	   HIF1A	   and	   Asn847	   for	   human	   HIF2A)	   in	   the	   C-­‐terminal	   TAD.	   This	   hydroxylation	   step	  prevents	  the	  interaction	  with	  the	  transcriptional	  co-­‐activator	  p300/CBP,	  and	  therefore	  prevents	  the	  HIFA	   subunits	   that	   do	   not	   get	   efficiently	   hydroxylated	   by	   PHDs	   to	   induce	   gene	   expression	  under	   normoxia	   (McNeill	   et	   al.,	   2002a;	   Lando	   et	   al.,	   2002a;	   Mahon	   et	   al.,	   2001;	   Lando	   et	   al.,	  2002b)	   (Fig.	   15).	  Beside	   this	   basic	  mechanism	   regulating	   the	   stability	   of	  HIFA	  proteins,	  HIF1A	  and	  EPAS1	  (HIF2A)	  have	  been	  proposed	  to	  be	  differentially	  stabilized	  depending	  on	  the	  duration	  and	   extent	   of	   a	   hypoxic	   event.	   Experimental	   evidence	   suggests	   that	   HIF1A	   is	   transiently	  stabilized	  in	  acute	  hypoxia,	  while	  EPAS1	  (HIF2A)	  may	  induce	  a	  long-­‐lasting	  change	  in	  target	  gene	  expression	  under	  conditions	  of	  chronic	  hypoxia	  (Wiesener	  et	  al.,	  1998;	  Holmquist-­‐Mengelbier	  et	  al.,	  2006;	  Bracken	  et	  al.,	  2006).	  	  
	  
	  
Figure	   15	   Oxygen-­dependent	   regulation	   of	   HIFA	   stability.	   Representation	   of	   the	   oxygen-­‐dependent	   regulation	   of	  HIFA	  proteins.	  In	  normoxia,	  HIFA	  isoforms	  undergo	  proteasomal	  degradation	  by	  a	  mechanism	  involving	  hydroxylation	  of	  Pro	  residues	  in	  the	  ODDD	  of	  HIFA	  by	  PHD	  enzymes.	  Consequently,	  pVHL	  E3	  ubiquitin	  ligase	  complex	  poly-­‐ubiquitinylates	  hydroxylated	   HIFAs.	   Additional	   hydroxylation	   of	   an	   asparagine	   (Asn)	   residue	   of	   HIFA	   by	   factor	   inhibiting	   HIF	   (FIH)	  abrogates	  HIFA	   interaction	  with	   the	   p300/CBP	   transcriptional	   co-­‐activator.	   Hydroxylation	  mediated	   by	   PHD	   enzymes	  requires	   oxygen	   and	   2-­‐oxoglutarate	   as	   substrates.	   In	   hypoxia,	   when	   oxygen	   availability	   is	   limited,	   HIFA	   escapes	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hydroxylation	   by	   PHD	   and	   FIH,	   translocates	   to	   the	   nucleus	   where	   it	   heterodimerizes	   with	   HIFB,	   complexes	   with	  p300/CBP	  and	  accessory	  transcriptional	  co-­‐activators,	  binds	  hypoxia	  response	  elements	  (HREs)	  and	  drives	  transcription	  of	  target	  genes	  (Figure:	  (Caprara	  and	  Grimm,	  2012)).	  	  	   Beside	   the	   dependency	   on	   oxygen	   availability	   for	   the	   regulation	   of	  HIFA	   stability,	   other	  oxygen-­‐independent	   mechanisms	   are	   known	   to	   control	   the	   process	   in	   both	   normoxic	   and	  hypoxic	   conditions.	   These	   include	   cytokine	   and	   growth	   factor-­‐dependent	   signalling	   pathways	  (reviewed	  in	  (Bardos	  and	  Ashcroft,	  2005;	  Majmundar	  et	  al.,	  2010))	  and	  the	  interaction	  with	  the	  chaperone	   heath	   shock	   protein	   90	   (HSP90)	   (Neckers	   and	   Ivy,	   2003).	   Recent	   evidence	   also	  proposes	   that	   mitochondria-­‐produced	   ROS	   may	   be	   involved	   in	   the	   regulation	   of	   HIF	   activity,	  possibly	  by	  the	  inhibition	  of	  HIFA	  hydroxylation	  by	  PHDs	  under	  normoxic	  conditions	  (Cash	  et	  al.,	  2007;	  Yuan	  et	  al.,	  2008;	  Frede	  et	  al.,	  2009).	  	  The	   characterization	   of	   knockout	   animals	   strongly	   suggests	   that	   HIFA	   subunits	  predominantly	  play	  non-­‐redundant	  and	  specific	  roles	   in	  cellular	  physiology,	  particularly	  during	  development.	   Indeed,	   Hif1a	   knockout	   mice	   are	   not	   viable	   due	   to	   cardiac	   and	   vascular	  malformations,	   leading	   to	  death	  at	   embryonic	  day	  10.5	   (E10.5)	   (Ryan	  et	   al.,	   1998;	  Kotch	  et	   al.,	  1999).	   On	   the	   other	   hand,	   various	   phenotypes	   have	   been	   reported	   for	   systemic	  Epas1	   (Hif2a)	  knockouts,	   including	   embryonic	   lethality	   with	   vascular	   abnormalities	   (Peng	   et	   al.,	   2000),	  perinatal	   lethality	   due	   to	   impairment	   in	   catecholamine	   production	   (Tian	   et	   al.,	   1998)	   or	  respiratory	   distress	   syndrome	   (Compernolle	   et	   al.,	   2002),	   post-­‐natal	   lethality	   caused	   by	  progressive	  multiorgan	  failure	  (Scortegagna	  et	  al.,	  2003a),	  and	  viability	   into	  adulthood	  (Ding	  et	  al.,	  2005).	  The	  reasons	  for	  the	  different	  phenotypes	  are	  unclear	  yet,	  but	  may	  involve	  differences	  in	  genetic	  background	  and	  gene	  targeting	  strategies.	  	  
1.4.1 HIFs	  in	  the	  Retina	  	  
Experimental	   evidence	   shows	   that	   mammalian	   embryos	   experience	   a	   general	   hypoxic	  environment	  during	  development	  (human	  3%	  O2,	  rabbit	  8.7%	  O2,	  and	  monkey	  1.5%	  O2,)	  (Burton	  and	   Jaunaiux,	   2001;	   Fischer	   and	   Bavister,	   1993).	   Accordingly,	   hypoxic	   areas	   are	   found	  throughout	  the	  embryonic	  retina	  of	  the	  mouse	  and	  persist	  into	  early	  post-­‐natal	  periods	  (Kurihara	  et	   al.,	   2010).	   In	   line	   with	   this,	   HIF1A	   protein	   accumulates	   in	   all	   layers	   of	   the	   embryonic	   and	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newborn	  retina	  (Fig.	  16).	  Interestingly,	  low	  but	  detectable	  HIF1A	  basal	  levels	  persist	  even	  in	  the	  adult	  retina,	  reflecting	  the	  borderline	  hypoxia	  found	  in	  the	  tissue	  (Ozaki	  et	  al.,	  1999;	  Grimm	  et	  al.,	  2005;	  Kurihara	  et	  al.,	  2010).	  
	  
	  
Figure	  16	  HIF1A	  protein	  stabilization	   in	   the	  post-­natal	  retina.	  Total	  protein	  was	  prepared	   from	  retinas	   isolated	  at	  different	   post-­‐natal	   days	   (PND)	   as	   indicated.	   HIF1A	   levels	  were	   tested	   by	  Western	   blotting	   using	   a	   specific	   antibody.	  (Figure:	  adapted	  from	  (Grimm	  et	  al.,	  2005))	    	   Similar	   to	   the	   embryonic	   brain	   (Jain	   et	   al.,	   1998),	   EPAS1	   (HIF2A)	   was	   described	   to	   be	  stabilized	   principally	   in	   vascular	   endothelial	   cells	   of	   the	   hyaloid	   vasculature	   of	   the	   embryonic	  retina	  (Kurihara	  et	  al.,	  2010).	  In	  the	  adult	  retina,	  Epas1	  (Hif2a)	  is	  expressed	  by	  cells	  located	  in	  the	  GCL,	   INL,	   and	  RPE,	   in	  addition	   to	  vascular	  endothelial	   cells	   (Ding	  et	   al.,	   2005).	  Taken	   together,	  these	   observations	   highlight	   the	   responsiveness	   of	   the	   retinal	   tissue	   to	   hypoxic	   events	   during	  development	   via	   stabilization	   of	   HIFA	   proteins.	   However,	   each	   isoform	   seems	   to	   have	   specific	  spatio-­‐temporal	  accumulation	  and	  expression	  patterns,	  pointing	  to	  distinct	  roles	   for	  HIF1A	  and	  EPAS1	  (HIF2A)	  during	  retinal	  development	  and	  probably	  adulthood.	  	  
1.5 Hypoxic	  Preconditioning	  	  
A	   cell	   exposed	   to	   damaging	   stimuli	   or	   harmful	  molecules	   has	   a	   high	   risk	   of	   undergoing	  programmed	   cell	   death.	   However,	   cells	   respond	   to	   noxious	   insults	   by	   producing	   a	   plethora	   of	  protective	   factors,	  and	  only	  undergo	  apoptosis	  when	  a	  point	  of	  no	  return	   is	   reached	   (Loos	  and	  Engelbrecht,	  2009).	  This	  knowledge	  has	  been	  used	  over	  the	  past	  years	  in	  the	  field	  of	  biomedical	  research	   to	   activate	   endogenous	   protective	   mechanisms	   in	   a	   tissue	   as	   an	   alternative	   to	   the	  application	   of	   exogenous	   molecules	   with	   its	   potential	   side	   effects.	   This	   treatment,	   known	   as	  “preconditioning”,	   describes	   the	   capability	   of	   cells,	   or	   a	   tissue,	   to	   better	   cope	   with	   a	   noxious	  stimulus	   if	   they	  where	   previously	   exposed	   to	   a	   brief	   and	   non-­‐damaging	   period	   of	   stress.	   Both	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ischemia	  and	  hypoxia,	  especially	  under	  chronic	  conditions,	  can	  represent	  a	  threat	  for	  cell	  survival	  (Guo	  et	  al.,	  2011).	  But,	  short	  and	  controlled	  periods	  of	   ischemia	  or	  hypoxia	  protect	  retinal	  cells	  against	   damage	   by	   a	   subsequent	   insult.	   Two	   types	   of	   preconditioning	   protocols	   based	   on	   the	  modification	   of	   oxygen	   tension	   in	   the	   retina	   are	   frequently	   used	   in	   vision	   research.	   Ischemic	  preconditioning	  (IPC)	   involves	  a	  transient	   interruption	  of	  ocular	  blood	  flow	  by	  the	  occlusion	  of	  the	  central	  retinal	  artery	  (Roth	  et	  al.,	  1998),	  or	  by	  a	  raise	  of	  the	  intraocular	  pressure	  (IOP)	  (Zhang	  et	   al.,	   2002).	  Hypoxic	  preconditioning	   (HP)	   is	   a	   similar	   approach	   that	   involves	   the	  exposure	  of	  organisms,	   tissues	   or	   cells	   to	   air	   with	   reduced	   oxygen	   concentrations,	   usually	   in	   a	   “hypoxic	  chamber”.	   Both	   IPC	   and	  HP	   result	   in	   the	   induction	   of	   systemic	   alterations	   as	  well	   as	   a	   strong	  protective	  effect	   in	   the	  retina	  (see	  below).	   In	   the	  past	  years,	   IPC	  was	  predominantly	  applied	   to	  laboratory	   rodents	   to	   study	   mechanisms	   of	   RGC	   survival,	   while	   HP	   was	   applied	   to	   obtain	  protection	  of	  photoreceptors	   (Fig.	  17).	  However,	  both	   IPC	  and	  HP	  caused	   “ischemic	   tolerance”,	  thereby	  preventing	   injury	  of	  retinal	  cells	  due	  to	   ischemia-­‐reperfusion	  (Roth	  et	  al.,	  1998;	  Zhu	  et	  al.,	   2002).	   Both	   preconditioning	   protocols	   also	   provided	   protection	   of	   photoreceptors	   from	  apoptosis	  induced	  by	  exposure	  to	  bright	  light	  (Grimm	  et	  al.,	  2002;	  Casson	  et	  al.,	  2003).	  The	  tissue	  protective	   effects	  mediated	   by	   IPC	   or	   HP	   are	   thought	   to	   arise	   from	   the	   expression	   of	   specific	  protective	   factors,	   which	   control	   and	   activate	   endogenous	   survival	   mechanisms	   and	   inhibit	  apoptotic	  signalling	  (Kirino	  et	  al.,	  1991).	  In	  general,	  the	  effects	  of	  preconditioning	  can	  be	  divided	  into	   three	   steps.	   First,	   activation	   or	   deactivation	   of	   signalling	   pathways	   results	   in	   changes	   in	  second	  messenger	  levels	  and	  in	  an	  activation	  or	  repression	  of	  specific	  transcription	  factors.	  This	  leads	   to	   the	   second	  step:	   the	  upregulation	  of	  pro-­‐survival	   genes	  or	   the	  downregulation	  of	  pro-­‐apoptotic	  genes,	  which	  mediate	  the	  cytoprotective	  actions	  against	  damaging	  insults	  in	  the	  third	  step.	   Elucidating	   these	  mechanisms	  may	   give	   insights	   into	   relevant	   biochemical	   pathways	   and	  cytoprotective	   proteins	   that	   could	   potentially	   be	   translated	   into	   therapeutic	   options	   for	   the	  preservation	  of	  vision	  in	  patients.	  As	  would	  be	  expected,	  HIFs	  might	  be	  the	  central	  mediators	  of	  the	  protective	  effects	  of	  HP.	  Upon	   HP,	   a	   direct	   relationship	   between	   protection	   of	   photoreceptors	   from	   light-­‐induced	  degeneration	   and	  HIF1A	  protein	   stabilization	   suggests	   that	  hypoxia-­‐induced	  HIF1-­‐target	   genes	  may	  contribute	  to	  the	  protective	  mechanisms	  induced	  by	  HP	  (Grimm	  et	  al.,	  2002).	  Erythropoietin	  (EPO)	  is	  a	  candidate	  protective	  factor	  that	  is	  upregulated	  upon	  HP	  (Grimm	  et	  al.,	  2002)	  and	  has	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been	  shown	  to	  protect	  photoreceptors	  and	  other	  cells	  even	  when	  applied	  exogenously	  (Chapter	  1.6.3)	  (Fig.	  17).	  	  
	  
	  
Figure	  17	  Hypoxic	  preconditioning	  and	  EPO	  protect	  against	  light-­induced	  retinal	  degeneration	  Dark	  control	  mice	  have	  healthy	  photoreceptor	   cells	  with	   correctly	   structured	  outer	   and	   inner	   segments.	  Normoxic	  mice	  exposed	   to	   toxic	  levels	   of	   light	   almost	   completely	   lose	   photoreceptor	   cells	   10	   days	   after	   light	   exposure.	   (A)	   Hypoxic	   preconditioning	  completely	   protects	   the	   retina	   against	   light	   damage.	   (B)	   EPO	   administration	   partially	   protects	   the	   retina	   against	   light	  damage.	   Some	   pycnotic	   nuclei	   (red	   arrows)	   are	   present	   36	   hours	   after	   light	   exposure.	   Retinas	   injected	   with	   sodium	  chloride	  (NaCl)	  as	  control	  were	  damaged	  after	  illumination.	  (Figure:	  Thiersch	  and	  Grimm)	  	  
1.6 Erythropoietin	  
EPO	   is	   a	   secreted	   glycosylated	   protein	   belonging	   to	   the	   type	   I	   cytokine	   family	   that	  systemically	   acts	   as	   an	   erythropoiesis-­‐stimulating	   hormone.	   EPO	   is	   mainly	   produced	   in	   the	  kidney	  (Koury	  et	  al.,	  1993)	  and	  secreted	   into	   the	  blood	  circulation	   to	  reach	   the	  primary	  site	  of	  erythropoiesis,	   i.e.	   the	   bone	   marrow.	   Here	   it	   binds	   to	   the	   cognate	   EPO	   receptor	   (EPOR)	   on	  erythroid	  progenitor	  cells	  preventing	  their	  apoptotic	  death	  and	  stimulating	  their	  differentiation	  and	  maturation	   into	  erythrocytes	   (Koury	  and	  Bondurant,	  1988).	  The	  gene	  expression	  of	  Epo	   is	  robustly	   oxygen-­‐regulated,	   and	   thus	   is	   induced	   significantly	   under	   conditions	   that	   result	   in	  systemic	   hypoxia	   (Bondurant	   and	   Koury,	   1986).	   Hence,	   EPO	   secretion	   into	   the	   bloodstream	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increases	   under	   hypoxic	   conditions,	   eventually	   resulting	   in	   a	   rise	   of	   the	   hematocrit.	   This	  ameliorates	  the	  ability	  of	  the	  blood	  to	  transport	  oxygen	  and	  ultimately	  reliefs	  the	  hypoxic	  insult	  (reviewed	  in	  (Jelkmann,	  2004)).	  	  About	  10%	  of	  EPO	  in	  the	  bloodstream	  is	  of	  non-­‐renal	  origin	  (Fried	  et	  al.,	  1969).	  The	  brain,	  spleen,	   lung,	   placenta,	   uterus,	   testis,	   and	   retina	   have	   been	   identified	   as	   EPO-­‐secreting	   tissues	  apart	   from	  kidney	  (reviewed	   in	  (Fandrey,	  2004)).	  The	  expression	  of	  both	  Epo	  and	  EpoR	  mRNA	  has	  been	  reported	  in	  both	  the	  human	  and	  rodent	  retina	  (Juul	  et	  al.,	  1998;	  Xie	  et	  al.,	  2007;	  Grimm	  et	  al.,	   2002;	  Chen	  et	   al.,	   2009).	  Yet,	   the	   cellular	  origin	  of	  Epo	   expression	   in	   the	   retina	  deserves	  further	  investigation.	  In	  fact,	  reports	  suggest	  either	  Müller	  cells	  (Fu	  et	  al.,	  2008)	  or	  cells	  found	  in	  the	   GCL	   (Scheerer	   et	   al.,	   2010)	   to	   be	   the	   source	   of	  Epo	   expression,	   but	   definitive	   proof	   is	   still	  lacking.	  	  The	  presence	  of	   an	  HRE	   in	   the	  3’	   regulatory	   region	  of	   the	  Epo	   gene	   strongly	  points	   to	   a	  HIF-­‐dependent	   transcriptional	   regulation	   under	   hypoxia	   (Semenza	   et	   al.,	   1991;	   Semenza	   and	  Wang,	  1992;	  Wang	  et	  al.,	  1995a).	  Over	  the	  years,	  both	  HIF1	  and	  HIF2	  have	  been	  implicated	  in	  the	  hypoxic	  induction	  of	  Epo	  expression,	  but	  the	  latest	  in	  vivo	  and	  in	  vitro	  evidence	  suggest	  that	  HIF2	  could	  be	  the	  main	  inducer	  of	  Epo	  gene	  expression	  in	  kidney	  (Semenza	  and	  Wang,	  1992;	  Tian	  et	  al.,	   1997;	  Gruber	   et	   al.,	   2007;	  Morita	   et	   al.,	   2003;	  Rankin	   et	   al.,	   2007;	   Scortegagna	   et	   al.,	   2005,	  2003b;	  Warnecke	  et	  al.,	  2004;	  Gruber	  et	  al.,	  2007),	  brain	  (Chavez	  et	  al.,	  2006;	  Yeo	  et	  al.,	  2008)	  and	   retina	   (Morita	   et	   al.,	   2003).	   Nevertheless,	   other	   factors,	   e.g.	   hepatocyte	   nuclear	   factor	   4	  (HNF4)	   and	   GATA	   proteins,	   regulate	   tissue-­‐specific	   Epo	   gene	   expression	   (reviewed	   in	  (Weidemann	  and	  Johnson,	  2009)).	  	  
1.6.1 The	  Erythropoietin	  Receptor	  
The	   EPOR	   is	   a	   single	   chain	   cell	   surface	   receptor	   belonging	   to	   the	   cytokine	   receptor	  superfamily	   (Bazan,	   1990).	   The	   pro-­‐survival	   activity	   of	   EPO	   on	   erythroid	   progenitor	   cells	   is	  mediated	  by	  binding	  to	  the	  EPOR	  homodimer,	  leading	  to	  a	  conformational	  change	  of	  the	  receptor	  that	   results	   in	   its	   transphosphorylation	  and	  activation	  of	   intracellular	   signalling	  pathways	   that	  include	  Janus	  kinase	  2	  (JAK2)	  /	  signal	  transducer	  and	  activator	  of	  transcription	  3/5	  (STAT3/5),	  phosphatidylinositide	   3-­‐kinases (PI3K)/AKT,	   and	   mitogen-­‐activated	   protein	   kinases	   (MAPK)	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(Witthuhn	  et	  al.,	  1993;	  Livnah	  et	  al.,	  1999;	  Constantinescu	  et	  al.,	  1999;	  Marzo	  et	  al.,	  2008)(Fig.	  18).	   Activation	   of	   these	   signalling	   pathways	   leads	   to	   cellular	   proliferation	   and	   inhibition	   of	  apoptosis	  of	  hematopoietic	  cells	  (Neubauer	  et	  al.,	  1998).	  	  
	  
Figure	   18	   Erythropoietin	   receptor	   signalling	   in	   erythroid	   progenitor	   cells.	   Binding	   of	   EPO	   to	   EPOR	   results	   in	  receptor	   homodimerisation	   and	   autophosphorylation	   of	   JAK2.	   Phosphorylated	   JAK2	   mediates	   phosphorylation	   of	  tyrosine	   residues	   on	   the	   cytoplasmic	   region	   of	   EPOR,	   which	   serve	   as	   docking	   sites	   for	   downstream	   effectors.	   These	  include	  STAT5	  and	  PI3K/AKT,	  and	  MAPK.	  (Figure:	  adapted	  from	  (Patnaik	  and	  Tefferi,	  2009))	  	   As	   suggested	   by	   the	   diverse	   tissue	   origin	   of	  Epo	   expression,	   also	   expression	   of	  EpoR	   is	  broader	  than	  initially	  recognized.	  Expression	  of	  the	  receptor	  has	  been	  identified,	  among	  others,	  in	  the	  heart,	  brain,	  liver,	  uterus	  (Farrell	  and	  Lee,	  2004),	  and	  retina	  (Juul	  et	  al.,	  1998).	  Similarly	  to	  its	  ligand,	  the	  precise	  cellular	  location	  of	  retinal	  EpoR	  expression	  needs	  further	  investigation	  but	  may	  include	  Müller	  cells	  (Zhu	  et	  al.,	  2008;	  Wang	  et	  al.,	  2010;	  Hu	  et	  al.,	  2011),	  RGCs	  (Kilic	  et	  al.,	  2005b;	  Zhong	  et	  al.,	  2007;	  Fu	  et	  al.,	  2008),	  and	  photoreceptors	  (Grimm	  et	  al.,	  2002;	  Zhong	  et	  al.,	  2007).	  However,	   the	  unreliability	  of	   the	  commercially	  available	  anti-­‐EPOR	  antibodies	  (Elliott	  et	  al.,	   2006;	  Kirkeby	  et	   al.,	   2007),	  demands	   further	  experimentation	   to	   corroborate	   these	   studies.	  On	   the	   other	   hand,	   in	   situ	   hybridization	   analysis	   on	   retinal	   sections	   suggests	   that	   EpoR	  transcripts	  are	  found	  in	  cells	  of	  the	  INL	  and	  GCL	  (Colella	  et	  al.,	  2011).	  Interestingly,	   the	   EPOR	   can	   be	   expressed	   through	   alternative	   splicing	   as	   both	   a	  membrane-­‐bound	   (mEPOR)	   and	   soluble	   form	   (sEPOR),	  which	   corresponds	   to	   the	   extracellular	  
Introduction	  
	   51	  
domain	  of	  the	  mEPOR	  (Nagao	  et	  al.,	  1992;	  Harris	  and	  Winkelmann,	  1996;	  Westphal	  et	  al.,	  2002).	  Very	  limited	  knowledge	  has	  been	  gathered	  on	  the	  function	  of	  sEPOR,	  but	  in	  the	  brain	  this	  isoform	  seems	  to	  be	  important	  for	  ventilatory	  acclimatization	  to	  hypoxia,	  and	  acts	  as	  a	  negative	  regulator	  of	  EPO	  binding	  to	  the	  EPOR	  (Soliz	  et	  al.,	  2007).	  Both	  the	  roles	  and	  expression	  of	  this	  isoform	  have	  not	  been	  yet	  reported	  in	  the	  retina.	  
1.6.2 Tissue	  Protective	  Effects	  
Beside	   the	   “traditional”	   anti-­‐apoptotic	  properties	  on	  erythroid	  progenitors,	   over	   the	   last	  15	   years	   EPO	   has	   shown	   to	   have	   cytoprotective	   effects	   in	   different	   tissues	   against	   various	  damaging	   insults.	   In	   kidney	   and	   heart	   for	   example,	   EPO	   protects	   against	   injury	   by	  ischemia/reperfusion (Patel	  et	  al.,	  2004;	  Cai	  et	  al.,	  2003;	  Parsa	  et	  al.,	  2003).	  Other	  results	  suggest	  a	   general	   neuroprotective	   capacity	   of	   EPO,	   thus	   stimulating	   growing	   interest	   in	   its	   use	   as	   a	  potential	  therapeutic	  drug	  for	  neurodegenerative	  diseases.	  For	  example,	  in	  cell	  culture	  systems,	  application	   of	   recombinant	   human	   EPO	   (rhEPO)	   protected	   neurons	   from	   various	   cytotoxic	  conditions	   (Lewczuk	   et	   al.,	   2000;	  Morishita	   et	   al.,	   1997;	   Siren	   et	   al.,	   2001a).	   In	   animal	  models,	  systemic	   delivery	   of	   rhEPO	   has	   shown	   to	   ameliorate	   experimental	   brain	   injury	   (Brines	   et	   al.,	  2000;	  Yatsiv	  et	  al.,	  2005),	   ischemic	  damage	  and	  stroke	  (Sakanaka	  et	  al.,	  1998;	  Bernaudin	  et	  al.,	  1999),	   experimental	   Parkinson’s	   disease	   (Genc	   et	   al.,	   2001),	   multiple	   sclerosis	   (Sattler	   et	   al.,	  2004),	   spinal	   cord	   injury	   (Celik	   et	   al.,	   2002;	   Gorio	   et	   al.,	   2002),	   and	   retinal	   degeneration	   (see	  below).	  	  It	  was	  observed	   that	  EPO	  binds	   to	   erythrocyte	  precursors	  with	  different	   affinity	   than	   to	  cells	   with	   neuronal	   characteristics	   (Masuda	   et	   al.,	   1993),	   and	   that	   non-­‐hematopoietic	   EPO	  variants	  still	  retain	  tissue-­‐protective	  abilities	  without	  binding	  to	  EPOR	  homodimers	  (Leist	  et	  al.,	  2004).	  Hence,	   the	   involvement	   of	   another	   receptor	   in	  neuronal	   signalling	   and	  neuroprotection	  has	  been	  considered.	  EPOR	  has	  been	  previously	  reported	  to	  physically	  (Jubinsky	  et	  al.,	  1997)	  and	  functionally	  (Blake	  et	  al.,	  2002)	  interact	  with	  the	  common	  β	  receptor	  (βCR,	  encoded	  by	  Csf2rb	  in	  mouse),	  also	  known	  as	  CD131.	  Since	  protection	  by	  EPO	  was	  abolished	  in	  mice	  lacking	  βCR,	  Brines	  and	   colleagues	   proposed	   that	   neuroprotection	   might	   be	   mediated	   through	   an	   EPOR/βCR	  heteroreceptor	  complex	  (Brines	  et	  al.,	  2004).	  However,	  the	  contribution	  of	  βCR	  to	  EPO	  signalling	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has	  been	  challenged	  by	  experiments	  showing	   that	  EPO	  also	  protected	  neuroblastoma	  cells	   that	  do	  not	  detectably	  express	  βCR	  (Um	  et	  al.,	  2007),	  and	  hippocampus	  cells	  which	  express	  only	  very	  low	  levels	  of	  βCR	  (Nadam	  et	  al.,	  2007).	  	  
1.6.3 Neuroprotection	  in	  the	  Retina	  
In	  the	  past	  years,	  EPO	  was	  shown	  to	  exert	  neuroprotective	  effects	  on	  two	  major	  retinal	  cell	  populations:	  RGCs	  and	  photoreceptors.	  
1.6.3.1 Protection	  of	  Retinal	  Ganglion	  Cells	  
Application	  of	  rhEPO	  protected	  RGCs	  from	  glutamate-­‐induced	  excitotoxicity	  (Yamasaki	  et	  al.,	   2005).	   Similar	   to	   the	   in	   vitro	   situation,	   EPO	   showed	   protective	   effects	   against	   axotomy-­‐induced	  RGC	  apoptosis	  in	  vivo	  (Fu	  et	  al.,	  2008).	  The	  neuroprotective	  potential	  was	  also	  confirmed	  in	  models	  of	  mild	  (Tsai	  et	  al.,	  2005)	  and	  chronic	  ocular	  hypertension	  (Fu	  et	  al.,	  2008),	  as	  well	  as	  in	  the	  DBA/2J	  mouse	  (Zhong	  et	  al.,	  2007).	  	  Besides	  preventing	  RGC	  apoptosis,	  EPO	  has	  revealed	  an	  additional	  attractive	  property	  that	  may	  be	  of	  particular	  interest	  in	  diseases	  that	  are	  associated	  with	  axonal	  degeneration.	  Here,	  EPO	  supported	  axonal	   regeneration	  and	  outgrowth	  of	  neurites	   in	  RGCs	   in	   vivo	   after	   axotomy	  of	   the	  optic	   nerve	   (King	   et	   al.,	   2007),	   in	   cultured	   retinal	   explants	   (Bocker-­‐Meffert	   et	   al.,	   2002),	   and	  different	  retinal	  cell	  culture	  models	  (Kretz	  et	  al.,	  2004,	  2005).	  	  
1.6.3.2 Protection	  of	  Photoreceptors	  
The	  ability	  of	  EPO	  to	  counteract	  apoptosis	  of	  photoreceptors	  has	  emerged	  as	  this	  cytokine	  has	  been	  implicated	  in	  the	  protective	  effects	  of	  HP	  in	  the	  retina	  (Grimm	  et	  al.,	  2002).	  Application	  of	   rhEPO	   partially	   mimicked	   these	   effects	   in	   different	   models	   of	   light-­‐induced	   photoreceptor	  apoptosis	   (Grimm	   et	   al.,	   2002;	   Ranchon	   Cole	   et	   al.,	   2007).	   Furthermore,	   intramuscular	   adeno-­‐associated	   virus	   (AAV)-­‐mediated	   delivery	   of	   an	   Epo	   transgene	   resulted	   in	   its	   systemic	  overexpression	   and	   protected	   photoreceptors	   from	   light-­‐induced	   apoptosis	   (Rex	   et	   al.,	   2004). Likewise,	   systemic	   overexpression	   of	   a	   human	   Epo	   transgene	   (Ruschitzka	   et	   al.,	   2000)	   that	  resulted	   in	   a	   20-­‐fold	   increased	   level	   of	   EPO	   protein	   in	   the	   retina,	   supported	   photoreceptor	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viability	  in	  the	  light-­‐damage	  model	  (Grimm	  et	  al.,	  2004).	  This	  led	  to	  the	  fascinating	  possibility	  to	  use	  EPO	  as	  therapeutical	  agent	  for	  the	  treatment	  of	  RP	  patients.	  However,	  while	  it	  seems	  clear	  that	  EPO	  can	  protect	  photoreceptor	  cells	  against	  phototoxic	  stress,	  protection	  against	   inherited	  photoreceptor	  degeneration	  seems	  to	  depend	  on	   the	  model	  and	  thus	  on	  the	  particular	  molecular	  pathway	  that	  causes	  cell	  death.	   In	   fact,	  neither	   transgenic	  
Epo	  overexpression	  nor	  repetitive	  intraperitoneal	  injections	  of	  rhEPO	  in	  rd1,	  rd10	  and	  VPP	  mice	  rescued	  photoreceptor	  cells	  (Grimm	  et	  al.,	  2004;	  Rex	  et	  al.,	  2004).	  However,	  the	  same	  approach	  significantly	  prevented	  degeneration	  in	  the	  rds	  mouse	  (Rex	  et	  al.,	  2004,	  2009).	  	  
1.6.4 Beneficial	  Effects	  in	  the	  Diabetic	  Retina	  
The	  beneficial	   effects	  of	  EPO	   in	   the	   retina	   are	  not	   restricted	   to	  neuroprotection	  of	  RGCs	  and	   photoreceptors.	   	   Several	   studies	   have	   shed	   light	   on	   the	   potential	   of	   this	   cytokine	   to	  counteract	   retinal	   complications	   associated	   with	   diabetes.	   In	   fact,	   EPO	   has	   shown	   to	   exert	  protective	   effect	   on	   retinal	   pericytes	   and	   vascular	   endothelial	   cells,	   and	   to	   ameliorate	   the	  stability	  of	  the	  BRB	  in	  the	  diabetic	  retina	  (Wang	  et	  al.,	  2011b;	  Zhang	  et	  al.,	  2008,	  2010;	  Wang	  et	  al.,	  2011b).	  In	  addition,	  also	  decreased	  neuronal	  apoptosis	  and	  reduced	  functional	  damage	  have	  been	   reported	   (Wang	   et	   al.,	   2011b;	   Zhu	   et	   al.,	   2008).	   Applications	   of	   rhEPO	   attenuated	   the	  secretion	  of	  tumour	  necrosis	  factor	  A	  (TNFA)	  and	  interleukin	  1B	  (IL1B)	  in	  the	  diabetic	  rat	  retina	  (Lei	  et	  al.,	  2011)	  and	  repressed	  osmotic	  swelling	  of	  retinal	  glial	  cells	  in	  vitro	  (Krugel	  et	  al.,	  2010).	  	  
1.6.5 EPO	  as	  Angiogenic	  Factor	  
EPO	  has	  long	  been	  recognized	  to	  exert	  pro-­‐angiogenic	  activities	  (Anagnostou	  et	  al.,	  1990a;	  Ribatti	  et	  al.,	  2003).	  Deletion	  of	  Epo	  or	  EpoR	  in	  mice	  had	  a	  strong	  effect	  on	  angiogenesis,	  resulting	  in	  a	  decreased	  complexity	  of	  the	  vascular	  network,	  a	  phenotype	  that	  included	  constricted	  vessel	  diameter	  and	  reduced	  vascular	  branching	  (Kertesz	  et	  al.,	  2004). It	  is	  thought	  that	  the	  angiogenic	  effects	   of	   EPO	   are	   due	   to	   its	   ability	   to	   stimulate	   endothelial	   progenitor	   cell	   mobilization	   or	  proliferation	  (Heeschen	  et	  al.,	  2003).	   	  Due	  to	  this	  angiogenic	  properties,	  the	  potential	  of	  EPO	  as	  therapeutic	   agent	  must	   be	   considered	   critically.	   In	   fact,	   the	   angiogenic	   effects	   of	   this	   cytokine	  may	  contribute	  to	  the	  progression	  of	  retinal	  diseases	  into	  a	  neovascular	  phase.	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2 Aims	  of	  the	  thesis	  
The	   reduction	   of	   tissue	   oxygenation	   that	   occurs	   under	   hypoxic	   conditions	   has	   deep	  consequences	  on	  both	  retinal	  function	  and	  cell	  survival	  (Caprara	  and	  Grimm,	  2012).	  Hence,	  cells	  require	  an	  adaptational	  response	  to	  cope	  with	  hypoxic	  episodes	  occurring	  during	  development	  and	  in	  the	  adult	  tissue.	  Central	  to	  this	  response	  is	  HIF1A,	  a	  transcription	  factor	  that	  accumulates	  when	  oxygen	  is	  limited	  and	  induces	  the	  expression	  of	  a	  large	  assortment	  of	  target	  genes	  involved	  in	  angiogenesis,	  cell	  survival	  and	  metabolism	  (Chapter	  1.4).	  Prominent	  among	  these	  factors	  are	  VEGFA	   and	   EPO,	   which	   may	   contribute	   to	   angiogenesis	   during	   retinal	   development.	   In	   mice,	  retinal	  angiogenesis	  occurs	  post-­‐natally,	  and	  reduction	  in	  tissue	  oxygenation	  is	  expected	  to	  occur	  until	  tissue	  vascularisation	  is	  completed	  (Chapter	  1.3.5).	  HIF1A	  protein	  levels	  are	  elevated	  in	  the	  post-­‐natal	  mouse	   retina	  and	  decrease	  as	   the	   retinal	  vasculature	  develops	   (Grimm	  et	  al.,	  2005).	  Nevertheless,	  the	  roles	  of	  HIF1A	  in	  both	  retinal	  development	  and	  angiogenesis	  have	  not	  yet	  been	  fully	   elucidated.	   Beside	   the	   negative	   effects	   of	   chronic	   hypoxia	   on	   retinal	   cell	   survival	   and	  function,	  the	  protective	  reactions	  induced	  in	  a	  tissue	  by	  short	  periods	  of	  hypoxia	  can	  be	  exploited	  for	   clinical	   purposes.	   In	   fact,	   hypoxic	   preconditioning	   has	   revealed	   the	   ability	   of	   the	   retina	   to	  activate	   endogenous	   survival	  mechanisms,	  which	   protect	   photoreceptors	   against	   light-­‐induced	  apoptosis	  (Grimm	  et	  al.,	  2002).	  The	  local	  production	  of	  protective	  factors	  such	  as	  EPO	  is	  part	  of	  these	  mechanisms,	  and	  exogenous	  applications	  of	  rhEPO	  mimic	  the	  protective	  effects	  of	  hypoxic	  preconditioning	  (Grimm	  et	  al.,	  2002).	  Despite	  the	  attractiveness	  of	  EPO	  as	  potential	  therapeutic	  factor	   for	   retinal	   degenerative	   diseases,	   the	   roles	   of	   endogenous	   EPO-­‐EPOR	   signalling	   in	   the	  developing	  and	  adult	  retina	  are	  still	  unknown.	  The	  main	   aims	   of	  my	   thesis	   are	   to	   investigate	   the	   roles	   of	   HIF1A	   and	   endogenous	   EPO-­‐EPOR	  signalling	  in	  development,	  maturation	  and	  angiogenesis	  of	  the	  retina,	  as	  well	  as	  to	  elucidate	  their	  involvement	  in	  the	  survival	  of	  the	  aging	  retina.	  Furthermore,	  I	  aim	  to	  clarify	  the	  participation	  of	  EPO-­‐EPOR	  signalling	  in	  the	  neuroprotective	  effects	  mediated	  by	  rhEPO	  applications.	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3 Materials	  and	  Methods	  
3.1 Buffers	  and	  Solutions	  
Buffer/Solution	   Composition	  (final	  conc.)	   Application	  4%	  Paraformaldehyde	  (PFA)	   4	  g	  PFA,	  50	  mL	  H2O,	  50	  mL	  0.2	  M	  PB,	  pH:	  7.4	   IF	  0.2	  M	  Phosphate	  Buffer	  (PB)	   5.244	  g	  NaH2PO4	  x	  H2O,	  23	  g	  Na2HPO4	  in	  1	  L	  H2O,	  pH:	  7.4	   IF	  0.1	  M	  Phosphate	  Buffered	  Saline	  (PBS)	   4	  g	  NaCl,	  0.1	  g	  KCl,	  250	  mL	  0.2	  M	  PB,	  250	  mL	  H2O,	  pH:7.4	   IF	  30%	  sucrose	   30	  g	  Sucrose	  in	  100	  mL	  PBS,	  pH:	  7.4	   IF	  2.5%	  Glutaraldehyde	   250	  mL	  0.4	  M	  Na-­‐cacodylate	  Buffer,	  100	  mL	  25%	  Glutaraldehyde,	  50	  mg	  CaCl2,	  100	  mg	  MgCl2	  x	  H2O,	  650	  mL	  H2O,	  pH:	  7.2-­‐7.4	   Morph	  Epon	  embedding	  media	   147	  mL	  EPON812,	  100	  mL	  C16H26O3,	  90	  mL	  C10H10O3,	  6.74	  mL	  BDMA	   Morph	  0.4M	  Na-­‐cacodylate	  Buffer	   171.2	  g	  Na-­‐cacodylate,	  38.4	  mL	  1M	  HCl,	  ad	  2000	  mL	  H2O,	  pH:	  7.2-­‐7.4	   Morph	  1%	  Osmium	  tetroxide	  (OsO4)	   1	  g	  OsO4,	  1000	  mL	  H2O	   Morph	  10X	  Tris-­‐Buffered	  Saline	  (TBS)	   10	  mM	  Tris/HCl	  [pH	  8.0],	  150	  mM	  NaCl	   WB	  10X	  TBS-­‐Tween20	  (TBST)	   10	  mM	  Tris/HCl	  [pH	  8.0],	  150	  mM	  NaCl,	  0.05%	  Tween-­‐20	   WB	  10X	  RIPEA	   20	  mM	  Tris/HCl	  [pH	  7.5],	  60	  mM	  NaCl,	  2	  mM	  EDTA,	  0.4%	  Triton	  X-­‐100;	  0.4%	  SDS,	  0.4%	  Sodium	  Deoxycholat	   WB	  5X	  PAGE	  Running	  Buffer	   25	  mM	  Tris	  Base,	  190	  mM	  Glycine,	  0.1%	  SDS	   SDS-­‐PAGE	  1X	  PAGE	  Transfer	  Buffer	   48	  mM	  Tris	  Base,	  39	  mM	  Glycine,	  0.038%	  SDS,	  20%	  MeOH	   SDS-­‐PAGE/WB	  4X	  sodium	  dodecylsulfate	  (SDS)	  sample	  buffer	   62.5	  mM	  Tris/HCl	  [pH	  6.8],	  10%	  Glycerol,	  2.3%	  SDS,	  0.1%	  Bromphenolblue,	  5%	  2-­‐Mercaptoethanol	  	   WB	  5X	  TBE	   450	  mM	  Tris	  Base,	  450	  mM	  Boric	  Acid,	  10	  mM	  EDTA	   Agarose	  gel	  electrophoresis	  10X	  Tissue	  Homogenization	  Buffer	  (THB)	   100	  mM	  Tris/HCl	  [pH	  8.0],	  500	  mM	  KCl;	  0.1	  mg/mL	  gelatin;	  0.45%	  NP-­‐40;	  0.45%	  Tween-­‐20	   Genotyping	  
Table	  1	  Composition	  of	  buffers	  and	  solutions.	  The	  composition	  of	  buffers	  and	  solutions	   for	   the	  experiments	   in	   this	  thesis	   is	  shown.	  Also,	   the	  application	   for	  each	  solution	   is	   listed.	   IF:	   immunofluorescence,	  WB:	  Western	  blot,	  SDS-­‐PAGE:	  SDS	  polyacrylamide	  gel	  electrophoresis,	  Morph:	  histology.	  	  
3.2 	   Mice	  and	  Genotyping	  
Mice	  were	  treated	  and	  procedures	  were	  performed	  in	  accordance	  with	  the	  regulations	  of	  the	  Veterinary	  Authority	  of	  Zurich	  and	   the	   statement	  of	   the	  Association	   for	  Research	   in	  Vision	  and	  Ophthalmology	  (ARVO)	  for	  the	  use	  of	  animals	  in	  research.	  All	  mice	  were	  kept	  at	  the	  animal	  facility	   of	   the	  University	  Hospital	   Zurich	   in	   a	   dark-­‐light	   cycle	   (12	  Hr	   :	   12	  Hr).	  During	   the	   light	  cycle,	  the	  light	  level	  was	  maintained	  at	  60	  lux	  at	  cage	  level	  with	  food	  and	  water	  ad	  libitum.	  Mice	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were	  euthanized	  by	  a	  CO2	  overdose	  followed	  by	  cervical	  dislocation.	  All	  experiments	  were	  done	  with	  a	  minimum	  of	  N	  =	  3	  mice	  for	  each	  time	  point	  and	  condition.	  To	   knockdown	   genes	   of	   interest	   in	   specific	   retinal	   cells,	   the	   Cre-­‐loxP	   recombination	  approach	  was	  used.	  Mice	  carrying	   loxP-­‐targeted	  sequences	  in	  the	  gene	  of	   interest	  were	  crossed	  to	  mice	  expressing	  Cre	  recombinase	  in	  specific	  retinal	  cells	  (Table	  2).	  Wild-­‐type	  animals	  used	  for	  the	  analysis	  of	  post-­‐natal	  gene	  expression	  were	  C57BL/6	  mice.	  Except	  C57BL/6	  mice,	  all	  animals	  were	  homozygous	  for	  Rpe65450Leu	  (Wenzel	  et	  al.,	  2003).	  	  	  Knockdown	   loxP-­‐flanked	  gene	   Cre	  expressing	  mouse	  
Hif1a	  in	  peripheral	  retina	  (Hif1aflox/flox;α-­Cre)	   Hif1aflox	  (Ryan	  et	  al.,	  2000)	   α-­Cre	  (Marquardt	  et	  al.,	  2001)	  
EpoR	  in	  peripheral	  retina	  (EpoRflox/flox;α-­Cre)	   EpoRflox	  (Tsai	  et	  al.,	  2006)	   α-­Cre	  (Marquardt	  et	  al.,	  2001)	  
EpoR	  in	  rod	  photoreceptors	  (EpoRflox/flox;Opn-­Cre)	   EpoRflox	  (Tsai	  et	  al.,	  2006)	   Opn-­Cre	  (Le	  et	  al.,	  2006)	  
Hif1a	  and	  EpoR	  in	  peripheral	  retina	  (Hif1aflox/flox;EpoRflox/flox;α-­Cre)	   Hif1aflox	  (Ryan	  et	  al.,	  2000)	  EpoRflox	  (Tsai	  et	  al.,	  2006)	   α-­Cre	  (Marquardt	  et	  al.,	  2001)	  
Hif1a	  in	  retinal	  glia	  (Hif1aflox/flox;Pdgfra-­Cre)	   Hif1aflox	  (Ryan	  et	  al.,	  2000)	   Pdgfra-­Cre	  (Roesch	  et	  al.,	  2008)	  
Table	  2	  Hif1a	  and	  EpoR	  knockdown	  mice.	  Shown	  are	  the	  mouse	  lines	  used	  for	  experiments	  in	  this	  theses,	  accompanied	  by	  the	  original	  research	  article	  where	  the	  mouse	  line	  was	  presented	  for	  the	  first	  time.	  	   To	   investigate	   the	   spatial	   expression	   pattern	   of	   Cre	   recombinase,	   α-­Cre	   and	   Pdgfra-­Cre	  mice	  were	   crossed	  with	   the	  Ai6	   reporter	  mouse	   (Madisen	   et	   al.,	   2010)	   (a	   gift	   from	  Dr.	  Botond	  Roska,	  FMI,	  Basel,	  Switzerland)	  that	  expresses	  a	  green	  fluorescent	  protein	  (ZSGREEN)	  following	  CRE-­‐mediated	  deletion	  of	  a	   floxed	  STOP	  cassette.	  Opn-­Cre	  mice	  were	  bred	  to	  the	  ROSA-­flox-­RFP	  reporter	   line	   (Luche	   et	   al.,	   2007)	   (a	   gift	   from	   Hans	   Joerg	   Fehling,	   University	   Clinics	   Ulm,	  Germany),	   that	   expresses	   a	   red	   fluorescence	   protein	   (RFP)	   upon	   CRE-­‐mediated	   deletion	   of	   a	  floxed	  STOP	  cassette.	  	  Mice	  were	  genotyped	  using	  genomic	  DNA	  isolated	  from	  ear	  biopsies	  by	  conventional	  PCR	  conditions:	   initial	  denaturation	  (95°C,	  5	  min);	  35	  cycles	  of	  denaturation	  (95°C,	  45	  s),	  annealing	  (see	   conditions	   in	   Table	   3)	   and	   elongation	   (72°C,	   45	   s);	   final	   extension	   (72°C,	   10	   min).	   PCR	  products	  were	  run	  on	  a	  1.5%	  agarose	  gel	  for	  size	  detection.	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Mouse/Gene	   Forward	  Primer	  (5’-­‐3’)	   Reverse	  Primer	  (5’-­‐3’)	   Annealing	  Temperature	  (°C)	  
Hif1aflox	   GCAGTTAAGAGCACTAGTTG	   GGAGCTATCTCTCTAGACC	   62	  
EpoRflox	   CTCCAGCCCAGTCCACCAACTGGG	   GGCGGGTAGTGGTACAGCACTTGCC	  CCCGTTCTTGGCTCAAAGCCAATC	   67	  
Rpe65450	   CACTGTGGTCTCTGCTATCTTC	   GGTGCAGTTCCACTTCAGTT	   58	  
Cre	   GGACATGTTCAGGGATCGCCAGGCG	   GCATAACCAGTGAAACAGCATTGCTG	   67	  
Ai6	  
(WT	  for)	  AAGGGAGCTGCAGTGGAGTA	  (MUT	  for)	  AACCAGAAGTGGCACCTGAC	   (WT	  rev)CCGAAAATCTGTGGGAAGTC	  (MUT	  rev)GGCATTAAAGCAGCGTATCC	   62	  
ROSA-­flox-­RFP	  
(WT	  for)	  GGAGCGGGAGAAATGGATATG	  (MUT	  for)	  GCGAAGAGTTTGTCCTCAACC	   AAAGTCGCTCTGAGTTGTTAT	   62	  
Table	  3	  Primers	  used	  for	  genotyping.	  Shown	  are	  forward	  and	  reverse	  primers	  (5’-­‐3’	  orientation)	  used	  for	  genotyping,	  together	  with	  annealing	  temperatures.	  	  
3.3 RNA	  Isolation	  and	  cDNA	  Synthesis	  
Retinas	  were	   isolated	   through	   a	   corneal	   incision	   and	   immediately	   snap	   frozen	   in	   liquid	  nitrogen.	  Total	  RNA	  was	  isolated	  using	  the	  RNeasy	  isolation	  kit	  (RNeasy,	  Cat-­‐nr:	  74104,	  Qiagen,	  Hilden,	  Germany)	  or	  the	  High	  Pure	  RNA	  isolation	  kit	  (Roche	  Diagnostics,	  Cat-­‐nr:	  11828665001,	  Basel,	   Switzerland).	   Residual	   genomic	   DNA	   was	   removed	   by	   an	   incubation	   step	   with	   DNase.	  Identical	  amounts	  of	  RNA	  (650	  or	  1000	  ng)	  were	  reverse	  transcribed	  using	  oligo(dT)	  and	  M-­‐MLV	  reverse	   transcriptase	   (Promega,	   Cat-­‐nr:	   M1701,	   Madison,	   WI,	   USA).	   The	   obtained	   first-­‐strand	  cDNA	  was	  diluted	  to	  5	  ng/µl	  for	  gene	  expression	  analysis	  by	  semi-­‐quantitative	  real-­‐time	  PCR.	  
3.4 Semi-­‐quantitative	  Real-­‐time	  Polymerase	  Chain	  Reaction	  
Relative	  quantification	  of	  cDNA	  was	  performed	  by	  real-­‐time	  PCR	  using	  a	  LightCycler	  480	  instrument	   (Roche	  Diagnostics,	  Basel,	   Switzerland),	   a	  LightCycler	  480	  SYBR	  Green	   I	  Master	  kit	  (Roche	  Diagnostics,	  Cat-­‐nr:	  04887352001,	  Basel,	  Switzerland),	  and	  specific	  primer	  pairs	  (Table	  4).	   Primer	   pairs	   were	   designed	   to	   span	   large	   intronic	   sequences	   or	   to	   cover	   exon-­‐exon	  boundaries.	   Gene	   expression	  was	   normalized	   to	  Actb	   (β-­‐actin)	   and	   relative	   quantification	  was	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calculated	  using	  the	  comparative	  threshold	  method	  (ΔΔCT)	  and	  Light	  Cycler	  480	  software	  (Roche	  Diagnostics,	  Basel,	  Switzerland).	  
Gene	   Forward	  Primer	  	   Reverse	  Primer	  	   Annealing	  Temperature	  (°C)	   Product	  Size	  (bp)	  
Actb	   CGACATGGAGAAGATCTGGC	   CAACGGCTCCGGCATGTGC	   62	   153	  
Adm	   TTCGCAGTTCCGAAAGAAGT	   GGTAGCTGCTGGATGCTTGTA	   62	   77	  
Ang2	   AGAATACAAAGAGGGCTTCGGG	   GTGCTAAAATCACTTCCTGGTTGGC	   60	   255	  
Apaf1	   TGAGTACGTGGCATTCGGAG	   TGTCTGCCAATTCCATACCTGA	   60	   184	  
Bcl2	   TGCACCTGACGCCCTTCAC	   AGACAGCCAGGAGAAATCAAACAG	   62	   293	  
Bcl2l1(BclXL)	   GCGGCTGGGACACTTTTGTGG	   TGAGCCCAGCAGAACCACACC	   60	   128	  
Bdnf	   CACTGAGTCTCCAGGACAGC	   GTCAGACCTCTCGAACCTGC	   60	   223	  
Casp1	   GGCAGGAATTCTGGAGCTTCAA	   GTCAGTCCTGGAAATGTGCC	   60	  	   138	  	  
Cebp/d	   CTTTTAGGTGGTTGCCGAAG	   GCAACGAGGAATCAAGTTTCA	   60	  	   70	  	  
Csf2rb	  (βCR)	   ACTACTACTCCTTCCGGCCA	   AGCTGATGCTGACGTTCTTG	   62	   102	  
Edn2	   AGACCTCCTCCGAAAGCTG	   CTGGCTGTAGCTGGCAAAG	   60	   64	  
Epas	  1	  (Hif2a)	   GGAGCTCAAAAGGTGTCAGG	   CAGGTAAGGCTCGAACGATG	   62	   61	  
Epo	   GCCCTGCTAGCCAATTCC	   GCCCTGCTAGCCAATTCC	   60	   128	  
EpoR	   GTCCTCATCTCGCTGTTGCT	   CAGGCCAGATCTTCTGCTG	   62	   76	  
Fgf2	   TGTGTCTATCAAGGGAGTGTGTGC	   ACCAACTGGAGTATTTCCGTGACCG	   62	   158	  
Fzd4	   CTACAAGCTGACCAACATGC	   GGGAATTTGCTGCAGTTCAG	   62	   277	  
Gata2	   TGGCAGCAGTCTCTTCCATC	   CACAGGCATTGCACAGGTAG	   60	   179	  
Gfap	   CCACCAAACTGGCTGATGTCTAC	   TTCTCTCCAAATCCACACGAGC	   62	   240	  
Gnat1	   GAGGATGCTGAGAAGGATGC	   TGAATGTTGAGCGTGGTCAT	   58	   209	  
Gnat2	   GCATCAGTGCTGAGGACAAA	   CTAGGCACTCTTCGGGTGAG	   58	   192	  
Hif1a	   TCATCAGTTGCCACTTCCCCAC	   CCGTCATCTGTTAGCACCATCAC	   62	   198	  
Hif1b	   TCCACTGCACAGGCTACATC	   TCATCATCTGGGAGGGAGAC	   60	   61	  
Hif3a	   CTGCAAGGTCGACAACTCCT	   AGCAGCGAGGGAGCTAGG	   60	   92	  
Hnf4a	   AAGTGCTTCCGGGCTGGCAT	   ATGGGAGAGGTGATCTGCTGGGA	   62	   152	  
Il1b	   GCTATGGCAACTGTTCCTGA	   GATGTGCTGCTGCGAGATT	   62	  	   171	  	  
Lif	   AATGCCACCTGTGCCATACG	   CAACTTGGTCTTCTCTGTCCCG	   60	   216	  
Lrp5	   TGTGGACCTGCGGTTACGCT	   ATGAGGACACACTGGCCGCT	   60	   123	  
mEpoR	   GCTACACCTTCGCTGTTCGAG	   TGAGAGGGTCCAGGTCGCTA	   60	   111	  
Mt1	   GAATGGACCCCAACTGCTC	   GCAGCAGCTCTTCTTGCAG	   62	   104	  
Mt2	   TGTACTTCCTGCAAGAAAAGCTG	   ACTTGTCGGAAGCCTCTTTG	   62	   94	  
Ndp	   AAGGAGCCCTGCGTTTCCCC	   AAGGCTGCCGCTTTCTGGTTG	   60	   120	  
Nos2	  (iNos)	   GGGCTGTCACGGAGATCA	   CCATGATGGTCACATTCTGC	   60	  	   66	  	  
Ntn1	   TTGCAAAGCCTGTGATTGCC	   AATCTTGATGCAAGGGGCGA	   60	   163	  
Ntn4	   TGCACCGGAGGAGAGGTTATT	   GGTTTTGCGTTCAGGTCGTT	   62	   164	  
Opn4	   CCAGCTTCACAACCAGTCCT	   CAGCCTGATGTGCAGATGTC	   60	   111	  
Pou4f1	  (Brn3a)	  	   CGCCGCTGCAGAGCAACCTCTT	   TGGTACGTGGCGTCCGGCTT	   60	   130	  
Rho	   CTTCACCTGGATCATGGCGTT	   TTCGTTGTTGACCTCAGGCTTG	   62	   130	  
sEpoR	   TGAAGTGGACGTGTCGGCAG	   GGAACTAGGGCCTCACCGCT	   60	   216	  
Serpin	  1f	  (Pedf)	   TCCACAGCACCTACAAGGAG	   TAAGCCACGCCAAGGAGAAG	   60	   280	  
Stat3	   CAAAACCCTCAAGAGCCAAGG	   TCACTCACAATGCTTCTCCGC	   62	   133	  
Tek	  (Tie2)	   CCATCACCATAGGAAGGGACTTTG	   TAGGAAGGACGCTTGTTGACGCATC	   60	   215	  
Tnfa	   CCACGCTCTTCTGTCTACTGA	   GGCCATAGAACTGATGAGAGG	   62	   92	  
Tspan12	   TTGCGCTGCTTGCTCTACGC	   GGGGTGAACCACGGGGAAGTAA	   60	   168	  
Vegfa	   ACTTGTGTTGGGAGGAGGATGTC	   AATGGGTTTGTCGTGTTTCTGG	   60	   171	  
Vsx2	  (Chx10)	   CCAGAAGACAGGATACAGGTG	   GGCTCCATAGAGACCATACT	   62	   111	  
Table	  4	  Primers	  for	  semi-­quantitative	  real-­time	  PCR.	  Shown	  is	  a	   list	  of	  primer	  pair	  sequences	  for	  genes	  of	   interest.	  Primer	  sequences	  of	  forward/reverse	  primers	  are	  shown	  in	  5’-­‐3’	  orientation,	  together	  with	  annealing	  temperatures	  and	  size	  of	  the	  obtained	  amplicon.	  	  
3.5 Western	  Blot	  Analysis	  
Proteins	  from	  isolated	  retinas	  were	  extracted	  in	  0.1	  M	  Tris-­‐HCL	  (pH	  8.0)	  by	  sonication	  at	  4°C	  and	  protein	  content	  was	  determined	  with	  a	  Bradford	  assay.	  Protein	  extracts	  were	  mixed	  with	  sodium	  dodecylsulfate	  (SDS)	  sample	  buffer	  and	  incubated	  for	  10	  minutes	  at	  75°C.	  Proteins	  were	  separated	   by	   SDS	   polyacrylamide	   gel	   electrophoresis	   (SDS-­‐PAGE)	   and	   transferred	   to	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nitrocellulose	  membranes.	  Membranes	  were	  blocked	  with	  5%	  nonfat	  dry	  milk	  (Bio-­‐Rad,	  Cat-­‐nr:	  170-­‐6404XTU,	   Munich,	   Germany)	   in	   TBST	   for	   1	   Hr	   at	   room	   temperature.	   Membranes	   were	  incubated	   in	  5%	  milk	   in	  TBST	  containing	  a	  respective	  primary	  antibody	  (Table	  5)	  overnight	  at	  4°C.	  The	  membranes	  were	  incubated	  with	  horseradish	  peroxidase–labeled	  secondary	  antibodies	  for	  1	  hour	  at	  room	  temperature.	  After	  antibody	  incubation,	  the	  membranes	  were	  washed	  once	  in	  RIPEA	  for	  10	  minutes	  and	  twice	  in	  TBST,	  10	  minutes	  each.	  The	  protein	  bands	  were	  visualized	  by	  the	   application	   of	   a	   chemiluminescent	   substrate	   (PerkinElmer,	   Boston,	   MA)	   and	   Fusion	   FX7	  Advance	  imaging	  system	  with	  a	  CDD	  camera	  (Vilber	  Lourmat,	  Torcy,	  France)	  was	  used	  for	  digital	  signal	  detection.	  Recordings	  were	  obtained	  at	   the	  dynamic	   range	  of	   exposure	  without	  binning.	  Calculations	   for	   signal	   quantification	   were	   obtained	   using	   BioD1	   software	   (Vilber	   Lourmat,	  Torcy,	   France).	   Alternatively,	   signal	   was	   detected	   by	   exposure	   of	   the	   membrane	   to	  autoradiograph	  film	  (Super	  RX;	  Fujifilm,	  Dielsdorf,	  Switzerland).	  	  
Protein	   Host	   Supplier	   Cat-­‐nr	   Dilution	  ACTB	   mouse	   Santa	  Cruz	  Biotechnology;	  Santa	  Cruz,	  CA,	  USA	   sc1616	   1:10000	  AKT	   rabbit	   Cell	  Signalling	  Technology,	  Beverly,	  MA,	  USA	   9272	   1:2500	  CASP1	   rabbit	   kindly	  provided	  by	  P.	  Vandenabeele,	  Ghent	  University,	  Belgium	   -­‐	   1:10000	  EPAS1	  (HIF2A)	   rabbit	   Novus	  Biologicals;	  Littleton,	  CO,	  USA	   100-­‐480	   1:500	  ERK1/2	   rabbit	   Cell	  Signalling	  Technology,	  Beverly,	  MA,	  USA	   9102	   1:1000	  GFAP	   mouse	   Sigma,	  St.	  Louis,	  MO,	  USA	   G3893	   1:500	  HIF1A	   rabbit	   Novus	  Biologicals;	  Littleton,	  CO,	  USA	   100-­‐479	   1:1000	  p-­‐AKT	   rabbit	   Cell	  Signalling	  Technology,	  Beverly,	  MA,	  USA	   9271	   1:1000	  p-­‐ERK1/2	   rabbit	   Cell	  Signalling	  Technology,	  Beverly,	  MA,	  USA	   9101	   1:1000	  p-­‐STAT3	   rabbit	   Cell	  Signalling	  Technology,	  Beverly,	  MA,	  USA	   9131	   1.250	  STAT3	   rabbit	   Cell	  Signalling	  Technology,	  Beverly,	  MA,	  USA	   9132	   1:1000	  
Table	  5	   Antibodies	  for	  Western	  blot	  analysis.	  Shown	  is	  a	  list	  of	  primary	  antibodies	  used,	  with	  specifications	  for	  the	  host	  immunized	  to	  obtain	  the	  desired	  antibody,	  the	  supplier	  and	  catalogue	  number	  of	  the	  product,	  and	  the	  dilution	  used	  for	  western	  blot	  analysis.	  	  
3.6 Histological	  Analysis	  and	  Light	  Microscopy	  
To	   analyze	   retinal	   morphology	   by	   light	   microscopy,	   eyes	   were	   enucleated	   and	   fixed	   in	  2.5%	  glutaraldehyde	  in	  0.1	  M	  cacodylate	  buffer	  (pH	  7.3)	  at	  4	  °C	  overnight.	  After	  fixation,	  cornea	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and	  lens	  were	  removed	  and	  the	  eyecup	  separated	  into	  a	  superior	  and	  an	  inferior	  half	  by	  cutting	  through	   the	   optic	   nerve.	   Tissue	   was	   washed	   in	   cacodylate	   buffer,	   contrasted	   with	   osmium	  tetroxide	   (1%,	   1	  Hr,	   room	   temperature),	   dehydrated	   by	   incubation	   in	   increasing	   ethanol	  concentrations,	   and	   embedded	   in	   Epon	   812.	   Semi-­‐thin	   sections	   (0.5	  μm)	   were	   prepared	   and	  counterstained	  with	  toluidine	  blue.	  A	  digitalized	  microscope	  (Axiovision;	  Carl	  Zeiss	  Meditec,	  Jena,	  Germany)	   was	   used	   to	   examine	   the	   slides.	   Retinal	   thickness	   was	  measured	   at	   fixed	   distances	  from	   the	   ONH	   using	   ImageJ	   (ver.	   1.43;	   developed	   by	   Wayne	   Rasband,	   National	   Institutes	   of	  Health,	  Bethesda,	  MD;	  available	  at	  http://rsb.info.nih.gov/ij/index.html).	  
3.7 Immunofluorescence	  on	  Retinal	  Cryosections	  
For	   immunofluorescence,	   eyes	   were	   enucleated	   and	   fixed	   in	   4%	   PFA	   at	   4°C	   overnight.	  Cornea	   and	   lens	   were	   removed	   and	   eyecups	   were	   incubated	   in	   30%	   sucrose	   in	   PBS	   for	  cryoprotection	   until	   the	   tissue	   sunk	   to	   the	   bottom	   of	   the	   tube.	   Tissue	  was	   then	   embedded	   in	  tissue	   cryoprotective	   medium	   (Leica	   Microsystems	   Nussloch	   GmbH,	   Cat-­‐nr:	   14020108926,	  Nussloch,	   Germany)	   and	   rapidly	   frozen	   in	   a	   2-­‐methylbutane	   bath	   cooled	  with	   liquid	   nitrogen.	  12	  μm	  thick	  sections	  were	  cut	  through	  the	  optic	  nerve	  head	  on	  a	  Cryostat	  (Leica,	  Germany),	  air-­‐dried	   and	   stored	   at	  −80	  °C	   until	   further	   use.	   Sections	   on	   slides	   were	   incubated	   with	   blocking	  solution	   (3%	  horse	  serum	   in	  PBS;	  0.3%	  Triton	  X-­‐100)	   for	  1	  Hr	  at	  RT.	  Primary	  antibodies	  were	  applied	  in	  blocking	  solution	  overnight	  at	  4	  °C	  (Table	  6).	  Slides	  were	  washed	  3	  times	  with	  PBS	  and	  incubated	   with	   Cy2-­‐	   or	   Cy3-­‐conjugated	   secondary	   antibodies	   (Jackson	   ImmunoResesarch,	  Soham,	  UK)	  in	  blocking	  solution	  (dilution	  1:500)	  for	  1	  Hr	  at	  room	  temperature.	  After	  3	  washing	  steps	  in	  PBS, cell	  nuclei	  were	  stained	  with	  DAPI	  and	  slides	  were	  mounted	  with	  anti-­‐fade	  medium	  (10%	  Mowiol	   4–88;	   vol/vol;	   Calbiochem,	   San	   Diego,	   CA,	   USA),	   in	   100	  mM	   Tris	   (pH	   8.5),	   25%	  glycerol	   (wt/vol),	  0.1%	  1,4-­‐diazabicyclo	   [2.2.2]	  octane	   (DABCO)).	   Immunofluorescently	   labeled	  proteins	  were	  visualized	  using	  a	  fluorescence	  microscope	  (Axioplan,	  Zeiss,	  Switzerland).	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Protein	   Host	   Supplier	   Cat-­‐nr	   Dilution	  CALB1	   rabbit	   Chemicon,	  Billerica,	  MA,	  USA	   1778	   1:500	  CALB2	   rabbit	   Chemicon,	  Billerica,	  MA,	  USA	   5054	   1:1000	  GFAP	   mouse	   Sigma,	  St.	  Louis,	  MO,	  USA	   G3893	   1:500	  GNAT1	   rabbit	   Santa	  Cruz	  Biotechnology;	  Santa	  Cruz,	  CA,	  USA	   sc-­‐389	   1:500	  GNAT2	   rabbit	   Santa	  Cruz	  Biotechnology;	  Santa	  Cruz,	  CA,	  USA	   sc-­‐390	   1:500	  GLUL	  (GS)	   mouse	   Millipore,	  Billerica,	  MA	   B302	   1:500	  IBA1	   rabbit	   Wako,	  Neuss,	  Germany	   019-­‐19741	   1:500	  PKCA	   rabbit	   Sigma,	  St.	  Louis,	  MO,	  USA	   4334	   1:1000	  POU4F1	  (BRN3A)	   mouse	   Chemicon,	  Billerica,	  MA,	  USA	   1585	   1:100	  RPE65	   rabbit	   Pineda	  Antibodies,	  Berlin,	  Germany	   Pin-­‐5	   1.500	  SYP	   mouse	   Novocastra,	  Newcastle,	  UK	   299	   1:100	  VSX2	  (CHX10)	   rabbit	   generous	  gift	  of	  C.	  Cepko,	  Harvard	  University,	  MA,	  USA	   -­‐	   1:500	  
Table	  6	  Antibodies	  for	  immunofluorescence	  on	  retinal	  cryosections.	  Shown	  is	  a	  list	  of	  primary	  antibodies	  used,	  with	  specifications	  for	  the	  host	  immunized	  to	  obtain	  the	  desired	  antibody,	  the	  supplier	  and	  catalogue	  number	  of	  the	  product,	  and	  the	  dilution	  used	  for	  immunofluorescence	  analysis.	  	  
3.8 Flatmount	  Immunofluorescence	  
Eyes	  were	  enucleated	  and	  incubated	  in	  2%	  PFA	  in	  PBS	  for	  5	  minutes.	  Subsequently,	  cornea	  and	   lens	  were	  removed	  and	  the	  retina	  carefully	  separated	   from	  the	  eyecup.	  The	  retina	  was	  cut	  into	  a	  “clover-­‐leaf”	  shape	  and	  post-­‐fixed	  in	  4%	  PFA	  in	  PBS	  for	  10	  minutes.	  Flat	  mounted	  retinas	  were	  washed	  briefly	  with	  PBS	  and	  placed	  in	  blocking	  solution	  (1%	  fetal	  calf	  serum,	  0.1%	  Triton	  X-­‐100	  in	  PBS)	  for	  1	  Hr.	  Retinas	  were	  incubated	  overnight	  at	  4°C	  with	  G.	  simplicifolia	  isolectin	  IB4-­‐Alexa594	  (Invitrogen,	  Basel,	  Switzerland)	   in	  blocking	  solution.	  Retinal	   flatmounts	  were	  washed	  with	   PBS	   and	  mounted	   using	   anti-­‐fade	  medium	   (10%	  Mowiol	   4–88;	   vol/vol;	   Calbiochem,	   San	  Diego,	  CA,	  USA),	   in	  100	  mM	  Tris	   (pH	  8.5),	  25%	  glycerol	   (wt/vol),	  0.1%	  1,4-­‐diazabicyclo	   [2.2.2]	  octane	  (DABCO)).	  Imaging	  was	  performed	  using	  a	  digitalized	  light	  microscope	  (Axiovision,	  Zeiss,	  Switzerland)	  or	  a	  SP5	  confocal	  microscope	  (Leica	  Microsystems,	  Wetzlar,	  Germany).	  The	  Imaris	  software	   (Bitplane	   AG,	   Zurich,	   Switzerland)	   was	   used	   to	   analyze	   z-­‐stacks	   and	   to	   generate	   xz-­‐projections.	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3.9 Quantification	  of	  Vascular	  Coverage	  	  
For	  quantification	  of	  vascular	  coverage,	  three	  regions	  (770	  μm2)	  at	  a	  distance	  of	  2000	  μm	  from	  the	  ONH	  were	  analyzed	  for	  each	  flatmounted	  retina	  by	  laser	  scanning	  confocal	  microscopy.	  The	   image-­‐analysis	   software	   Imaris	   (Bitplane	   AG,	   Zurich,	   Switzerland)	   was	   used	   to	   analyze	  confocal	   microscope	   z-­‐stacks	   and	   to	   generate	   xy-­‐sections	   for	   each	   vascular	   layer.	   The	   images	  were	   then	  post-­‐processed	   (thresholded	  and	  binarized)	  with	   ImageJ	   to	  obtain	  binary	  data	   from	  which	  vascular	  coverage	  was	  determined	  (ratio	  of	  black	  pixels	  to	  total	  pixels).	  
3.10 Electroretinography	  
ERGs	  were	  recorded	  according	  to	  previously	  described	  procedures	  (Seeliger	  et	  al.,	  2001;	  Tanimoto	   et	   al.,	   2009).	   The	   ERG	   equipment	   consisted	   of	   a	   Ganzfeld	   bowl,	   a	   direct	   current	  amplifier,	   and	   a	   PC-­‐based	   control	   and	   recording	   unit	   (Multiliner	   Vision;	   VIASYS	   Health	   Care	  GmbH,	  Hoechberg,	  Germany).	  Mice	  were	  dark	  adapted	  overnight	  and	  anesthetized	  with	  ketamine	  (66.7	   mg/kg	   body	   weight)	   and	   xylazine	   (11.7	   mg/kg	   body	   weight).	   Pupils	   were	   dilated	   and	  single-­‐flash	   ERG	   responses	   were	   obtained	   under	   dark-­‐adapted	   (scotopic)	   and	   light-­‐adapted	  (photopic)	  conditions.	  Light	  adaptation	  was	  accomplished	  with	  a	  background	  illumination	  of	  30	  cd/m2	   starting	  10	  minutes	   before	   recording.	   Single	  white-­‐flash	   stimulus	   intensity	   ranged	   from	  	  	  	  	  –3.7	   to	   1.9	   log	   cd	   ·	   s/m2	   under	   scotopic	   and	   from	   –0.6	   to	   2.9	   log	   cd	   ·	   s/m2	   under	   photopic	  conditions,	   divided	   into	   10	   and	   8	   steps,	   respectively.	   Ten	   responses	   were	   averaged	   with	   an	  interstimulus	  interval	  (ISI)	  of	  either	  4.95	  seconds	  (for	  –3.7,	  –3,	  –2.6,	  –2,	  -­‐1.6,	  –1,	  –0.6,	  -­‐0.02,	  0.4,	  and	  0.9	  log	  cd	  ·	  s/m2)	  or	  16.95	  seconds	  (for	  1.4,	  1.9,	  2.4,	  and	  2.9	  log	  cd	  ·	  s/m2).	  
3.11 Hypoxic	  Exposure	  
Mice	   were	   exposed	   to	   reduced	   oxygen	   levels	   in	   a	   hypoxic	   chamber	   (Coy	   Laboratory	  Products,	  In	  Vivo	  cabinet	  Model	  30,	  Grass	  Lake,	  MI,	  USA)	  containing	  food	  and	  water	  ad	  libitum.	  By	  altering	  the	  O2:N2	  ratio,	  O2	  was	  reduced	  to	  the	  desired	  concentration	  in	  steps	  of	  2%	  over	  a	  time	  period	  of	  1	  Hr.	  Mice	  were	  kept	  at	  7%	  O2	   levels	   for	  6	  Hrs.	  For	   the	  analysis	  of	   gene	  and	  protein	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expression,	  the	  retinas	  were	  isolated	  immediately	  following	  the	  hypoxic	  exposure	  and	  processed	  for	  further	  analyisis.	  To	  investigate	  retinal	  morphology,	  the	  eyes	  were	  enucleated	  12	  days	  after	  the	  hypoxic	  exposure.	  
3.12 Laser	  Capture	  Microdissection	  
After	   mice	   were	   euthanized,	   eyes	   were	   enucleated,	   immediately	   embedded	   in	   tissue	  freezing	   medium	   (Leica	   Microsystems	   Nussloch	   GmbH,	   Cat-­‐nr:	   14020108926,	   Nussloch,	  Germany),	  and	  frozen	  in	  a	  2-­‐methylbutane	  bath	  cooled	  with	  liquid	  nitrogen.	  Retinal	  sections	  (20	  μm)	  were	   fixed	   (5	  minutes	   in	   acetone),	   air	   dried	   (5	  minutes),	   and	   dehydrated	   (30	   seconds	   in	  100%	  ethanol,	  5	  minutes	  in	  xylene).	  Microdissection	  was	  performed	  using	  an	  Arcturus	  XT	  Laser	  capture	  device	  (Molecular	  Devices,	  Sunnyvale,	  CA,	  USA).	  RNA	  was	  isolated	  using	  the	  Arcturus	  kit	  for	   RNA	   isolation	   (Molecular	   Devices,	   Cat-­‐nr:	   KIT0204,	   Sunnyvale,	   CA,	   USA)	   according	   to	   the	  manufacturer's	   directions	   including	   a	   DNase	   treatment	   to	   digest	   residual	   genomic	  DNA.	   Equal	  amounts	   of	   RNA	   were	   used	   for	   reverse	   transcription	   using	   oligo(dT)	   and	   M-­‐MLV	   reverse	  transcriptase	  (Promega,	  Cat-­‐nr:	  M1701,	  Madison,	  WI,	  USA).	  
3.13 Rhodopsin	  Measurements	  
Mice	  were	  dark	  adapted	  overnight.	  Retinas	  of	  euthanized	  mice	  were	   removed	   through	  a	  slit	   in	   the	  cornea	  under	  dim	  red	   light	  and	  placed	   in	  1	  mL	  of	  distilled	  H2O	   for	  1	  minute.	  After	  3	  minutes	   of	   centrifugation	   at	   15’000	   g,	   the	   supernatant	   was	   discarded	   and	   700	   μL	   of	   1%	  hexadecyltrimethylammonium	  bromide	  (Sigma-­‐Aldrich,	  Cat-­‐nr:	  H6269, Buchs,	  SG,	  Switzerland)	  in	   H2O	  was	   added	   to	   the	   pellet.	   Retinas	   were	  mechanically	   homogenized	   with	   a	   polytron	   (10	  seconds,	  3’000	  rpm),	  centrifuged	   for	  3	  minutes	  at	  15’000	  g,	  and	  the	  supernatant	  was	  collected.	  The	  absorption	  at	  500	  nm	  was	  measured	  before	  and	  after	  exposure	  to	  bright	  white	  light	  (20’000	  lux	  for	  1	  minute).	  The	  amount	  of	  rhodopsin	  present	  per	  retina	  was	  calculated	  using	  the	  following	  formula	  derived	  from	  the	  Lambert-­‐Beer	  equation:	  ρ	  =	  vol	  ×	  c	  =	  vol	  ×	  Δabs500/(E500	  ×	  l	  ×	  n).	  ρ	  is	  the	  amount	  of	  rhodopsin	  per	  retina	  (in	  moles);	  vol	  is	  the	  volume	  of	  the	  sample	  (in	  liters);	  c	  is	  the	  concentration	  of	  rhodopsin	  per	  retina	  (M);	  Δabs500	  is	  the	  difference	  between	  absorption	  of	  the	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sample	  at	  500	  nm	  before	  and	  after	  bleaching;	  E500	  is	  the	  extinction	  coefficient	  of	  rhodopsin	  at	  500	  nm	  (4.2	  ×	  104	  cm	  ×	  M);	   l	   is	   the	  path	   length	  of	   the	  cuvette	   (in	  cm);	  and	  n	   is	   the	  number	  of	  retinas.	  
3.14 Light	  Exposure	  and	  rhEPO	  Injections	  
Mice	   were	   dark	   adapted	   overnight	   and	   pupils	   dilated	   with	   1%	   ophthalmic	   solution	  (Cyclogyl;	  Alcon,	  Cham,	  Switzerland)	  and	  5%	  phenylephrine	  (Ciba	  Vision,	  Cat-­‐nr:	  	  Niederwangen,	  Switzerland)	  1	  Hr	  before	  exposure	   to	  white	   fluorescent	   light	   (17’000	   lux)	   for	  2	  Hrs.	  After	   light	  exposure,	  mice	  were	  placed	   in	  darkness	  overnight.	  Thereafter,	  mice	  were	  kept	   in	  normal	  cyclic	  light	  until	   they	  were	  killed.	   Intraperitoneal	   injections	  were	  performed	  under	  dark	  conditions	  1	  Hr	  prior	  to	  light	  exposure.	  Injections	  consisted	  of	  50	  µL	  of	  a	  2	  IU/µL	  solution	  of	  rhEPO	  (Epogen,	  Amgen,	  USA),	  or	  PBS	  as	  control.	  	  
3.15 Confocal	  Scanning	  Laser	  Ophthalmoscopy	  	  
Confocal	   scanning	   laser	   ophthalmoscopy	   (cSLO)	   analysis	   was	   performed	   as	   previously	  described	  (Seeliger	  et	  al.,	  2005).	  Briefly,	  mice	  were	  anaesthetized	  by	  a	  subcutaneous	  injection	  of	  ketamine	   (66.7	  mg/kg)	   and	   xylazine	   (11.7	  mg/kg).	   Pupils	   were	   dilated	   in	   anaesthesia	   with	  tropicamide	  eye	  drops	  (Mydriaticum	  Stulln,	  Pharma	  Stulln,	  Stulln,	  Germany).	  cSLO	  imaging	  was	  performed	  using	  a	  Heidelberg	  Retina	  Angiograph	  (HRA	  I)	  equipped	  with	  an	  argon	  laser	  featuring	  two	  wavelengths	   (488	  nm	  and	  514	  nm)	   in	   the	   short	  wavelength	   range	   and	   two	   infrared	  diode	  lasers	   (795	  nm	  and	  830	  nm)	   in	   the	   long	  wavelength	  range.	  The	  488-­‐nm	  and	   the	  795-­‐nm	   lasers	  were	   used	   for	   fluorescein	   (FL)	   and	   indocyanine	   green	   (ICG)	   angiography,	   respectively.	   FL	  angiography	   was	   performed	   using	   a	   subcutaneous	   injection	   of	   75	  mg/kg	   body	   weight	  fluorescein-­‐Na	   (University	  pharmacy,	  University	  of	  Tuebingen,	  Germany),	   and	   ICG	  angiography	  following	   an	   s.c.	   injection	   of	   50	  mg/kg	   body	  weight	   ICG	   (ICG-­‐Pulsion,	   Pulsion	  Medical	   Systems	  AG,	  Munich,	  Germany).	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3.16 Micron	  III	  Ophthalmoscopy	  
Pupils	   of	   mice	   were	   dilated	   with	   1%	   ophthalmic	   solution	   (Cyclogyl;	   Alcon,	   Cham,	  Switzerland)	   and	   5%	   phenylephrine	   (Ciba	   Vision,	   Cat-­‐nr:	   	   Niederwangen,	   Switzerland)	   1	   Hr	  before	   Micron	   III	   ophthalmoscopy.	   Mice	   were	   anaesthetized	   with	   2.2	   µL/g	   body	   weight	   of	   a	  ketamine/xylazine	   mix	   (51/6	   mix,	   subcutaneous	   injection)	   5-­‐10	   minutes	   before	   Micron	   III	  ophthalmoscopy.	  Eyes	  were	  kept	  moisturized	  with	  hydroxypropylmethylcellulose	  (Methocel	  2%,	  Omnivision,	   Puchheim,	   Germany)	   to	   prevent	   cataract.	   Funduscopy	   and	   FL	   angiography	   were	  performed	  with	  Micron	  III	  retinal	  imaging	  system	  (Phoenix	  Research	  Labs,	  Pleasanton,	  USA).	  For	  FL	   angiography,	   50	   µL	   of	   0.2%	  FL	   solution	   (AK	   Fluor,	   Akorn,	   Lake	   Forest,	   USA)	  were	   injected	  intraperitoneally.	  
3.17 Spectral	  Domain	  Optical	  Coherence	  Tomography	  
Spectral	   domain	   optical	   coherence	   tomography	   (SD-­‐OCT)	   was	   performed	   as	   previously	  described	  (Fischer	  et	  al.,	  2009).	  Briefly,	  mice	  were	  anaesthetized	  by	  a	  subcutaneous	  injection	  of	  ketamine	   (66.7	  mg/kg)	   and	   xylazine	   (11.7	  mg/kg).	   Pupils	   were	   dilated	   in	   anaesthesia	   with	  tropicamide	  eye	  drops	   (Mydriaticum	  Stulln,	  Pharma	  Stulln,	   Stulln,	  Germany).	  Mouse	  eyes	  were	  subjected	   to	   SD-­‐OCT	   using	   the	   commercially	   available	   Spectralis	   HRA+SD-­‐OCT	   device	  (Heidelberg	  Engineering,	  Heidelberg,	  Germany)	   featuring	  a	  broadband	  superluminescent	  diode	  at λ	  =	  870	  nm	  as	  low	  coherent	  light	  source.	  Each	  two-­‐dimensional	  B-­‐Scan	  recorded	  at	  30°	  field	  of	  view	  consists	  of	  1536	  A-­‐Scans,	  which	  are	  acquired	  at	  a	  speed	  of	  40’000	  scans	  per	  second.	  Optical	  depth	   resolution	   is	   around	   7	  μm	  with	   digital	   resolution	   reaching	   3.5	  μm (Huber	   et	   al.,	   2009).	  Imaging	  was	  performed	  using	  the	  proprietary	  software	  package	  Eye	  Explorer	  version	  3.2.1.0.	  The	  combination	  of	   scanning	   laser	   retinal	   imaging	   and	  SD-­‐OCT	  allows	   for	   real-­‐time	   tracking	  of	   eye	  movements	   and	   real-­‐time	   averaging	   of	   SD-­‐OCT	   scans,	   reducing	   speckle	   noise	   in	   the	   SD-­‐OCT	  images	  considerably	  (Huber	  et	  al.,	  2009).	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3.18 Statistical	  Analysis	  
Statistical	  analysis	  was	  performed	  using	  Prism4	  software	  (GraphPad	  Inc.,	  San	  Diego,	  USA).	  All	  data	  are	  presented	  as	  mean	  values	  ±	   standard	  deviations	   (SD).	  The	  number	  of	   samples	   (N)	  used	   for	   individual	   experiments	   is	   given	   in	   figure	   legends.	   Unless	   stated	   otherwise,	   statistical	  differences	  of	  means	  were	  calculated	  using	  Student’s	  t-­‐test.	  Differences	  with	  P-­‐values	  below	  0.05	  were	  considered	  significant.	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4 Results	  
4.1 Expression	  of	  Cre	  Recombinase	   in	  α-­‐Cre,	  Opn-­‐Cre,	  and	  Pdgfra-­‐Cre	  
Mice	  
To	   characterize	   the	   subset	  of	   retinal	   cells	   expressing	  Cre	   recombinase,	  we	  bred	   the	  Cre-­‐expressing	  mice	  used	  in	  this	  thesis	  with	  reporter	  strains	  (Ai6	  or	  ROSA-­flox-­RFP,	  see	  below).	  These	  reporter	   strains	   are	   engineered	   to	   express	   a	   reporter	   protein	   following	   the	   ablation	   of	   a	   loxP-­‐flanked	   STOP	   cassette,	   hence	  marking	   cell	   lineages	   that	   can	   be	   targeted	  with	   a	   given	  Cre	   line	  (Novak	   et	   al.,	   2000;	   Muzumdar	   et	   al.,	   2007). We	   bred	   the	  α-­Cre	   mouse	   (Ashery-­‐Padan	   et	   al.,	  2000)	  with	  the	  Ai6	  reporter	  mouse	  that	  expresses	  the	  green	  fluorescent	  protein	  ZSGREEN	  upon	  CRE-­‐mediated	   recombination	   (Madisen	   et	   al.,	   2010).	   At	   PND	   15,	   localization	   of	   ZSGREEN	   on	  retinal	  cryosections	  was	  observed	  in	  a	  large	  cell	  population	  of	  the	  retinal	  periphery	  and	  a	  smaller	  subset	   of	   cells	   in	   the	   central	   retina	   (Fig.	   19).	   Analysis	   of	   ZSGREEN	   distribution	   on	   retinal	  flatmounts	   revealed	   a	   reduced	   ZSGREEN	   expression	   in	   the	   central	   retina	   and	   a	   lack	   of	   CRE	  activity	   in	   the	   dorsal	   retina	   (Fig.	   19B).	   Detailed	   investigation	   of	   the	   ZSGREEN	   distribution	  throughout	   the	   retinal	   layers	   revealed	   the	   heterogeneity	   of	   retinal	   cell	   populations	   expressing	  
Cre	  recombinase	  (Fig.	  19C).	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Figure	  19	  	  Localization	   of	   CRE	   activity	   in	   Ai6;α-­Cre	   double	   mutant	   reporter	   mouse.	   (A)	   Shown	   is	   a	   retinal	  cryosection	  (cut	  naso-­‐temporal)	  presenting	  native	  ZSGREEN	  fluorescence	  (green,	  only	  expressed	  where	  CRE	  activity	   is	  present)	   at	   PND	   15.	   (B)	   Retinal	   flatmount	   showing	   the	   distribution	   of	   native	   ZSGREEN	   fluorescence.	   (C)	   Higher	  magnification	  of	  the	  retinal	  cryosection	  shown	  in	  (A)	  presenting	  the	  distribution	  of	  ZSGREEN	  through	  the	  retinal	  layers	  (shown	   is	   the	   transition	   zone	  between	   central	   and	  peripheral	   retina).	   Scale	  bar:	   200	  µm	  (A),	   50	  µm	   (B).	   (RPE:	   retinal	  pigment	  epithelium;	  ONL:	  outer	  nuclear	  layer;	  OPL:	  outer	  plexiform	  layer;	  INL:	  inner	  nuclear	  layer;	  IPL:	  inner	  plexiform	  layer;	  GCL:	  ganglion	  cell	  layer;	  D:	  dorsal;	  V:	  ventral)	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   Immunostainings	  with	   antibodies	   specific	   for	   different	   retinal	   cell	  markers	   revealed	   co-­‐localization	  of	  GLUL	  (GS)	  with	  ZSGREEN,	  suggesting	  that	  Müller	  cells	  express	  Cre	  recombinase	  in	  the	  α-­Cre	  mouse	  (Fig	  20).	  ZSGREEN	  was	  also	  detectable	  in	  rod	  photoreceptors,	  as	  revealed	  by	  the	  localization	  of	  ZSGREEN	  in	  rod	  cell	  bodies	  and	  inner	  segments.	  A	  weak	  co-­‐localization	  was	  also	  observed	  for	  both	  calbindin	  1	  (CALB1)	  and	  calbindin	  2	  (CALB2)	  with	  ZSGREEN,	  suggesting	  that	  horizontal,	  amacrine,	  and	  a	  subset	  of	  ganglion	  cells	  may	  also	  express	  Cre	  recombinase	  (Fig.	  20).	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Figure	  20	  	  Detection	  of	  Cre	   expression	   in	   retinal	   cells	   of	   the	  α-­Cre	  mouse	  as	   indicated	  by	   the	   co-­localization	  of	  
ZSGREEN	  and	  different	  cell	  markers	  in	  Ai6;α-­Cre	  mice	  at	  PND	  15.	  Shown	  are	  retinal	  cryosections	  presenting	  native	  ZSGREEN	   fluorescence	   (green,	   only	   expressed	   where	   CRE	   activity	   is	   present)	   at	   PND	   15	   and	   immunostainings	   for	  different	   retinal	   cells	   markers	   (red).	   POU4F1	   (BRN3A)	   (brain-­‐specific	   homeobox/POU	   domain	   protein	   3A;	   retinal	  ganglion	  cells);	  CALB1	  (calbindin1;	  horizontal	  cells	  and	  amacrine	  cell	   subset);	  CALB2	  (calbindin	  2/calretinin,	  amacrine	  cells,	   ganglion	   cell	   subset);	   GLUL	   (GS)	   (glutamate-­‐ammonia	   ligase/glutamine	   synthetase,	   Müller	   cells),	   GFAP	   (glial	  fibrillary	  acidic	  protein;	  astrocytes	  and	  activated	  Müller	  cells);	  VSX2	  (CHX10)	  (visual	  system	  homeobox	  2/Chx10,	  bipolar	  cells);	   PKCA	   (protein	   kinase	   Ca;	   rod	   bipolar	   cells);	   RPE65	   (retinal	   pigment	   epithelium-­‐specific	   65	   kDa	   protein;	   retinal	  pigment	  epithelium).	  Scale	  bar:	  100	  µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   Even	  though	  a	  clear	  co-­‐localization	  of	  ZSGREEN	  and	  POU4F1	  (BRN3A)	  was	  not	  found,	  cells	  whose	   nucleus	   was	   labelled	   by	   the	   RGC-­‐specific	   transcription	   factor	   showed	   expression	   of	  ZSGREEN	   in	   their	   cytoplasm	   (Fig.	   21).	   On	   the	   contrary,	   no	   co-­‐localization	   of	   ZSGREEN	   with	  bipolar	  cell	  markers	  visual	  system	  homeobox	  2	  (VSX2	  (CHX10)),	  protein	  kinase	  Ca	  (PKCA),	  or	  the	  RPE	  marker	  RPE65	  were	  detected	  (Fig.	  20).	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Figure	  21	  ZSGREEN	  is	  expressed	  in	  RGCs.	  ZSGREEN	  protein	  (A,	  green,	  only	  expressed	  where	  CRE	  activity	  is	  present)	  is	  expressed	  in	  the	  cytoplasm	  of	  POU4F1	  (BRN3A)-­‐positive	  RGCs	  (B,	  red).	  Co-­‐localization	  is	  not	  visible	  due	  to	  the	  different	  intracellular	  localization	  of	  ZSGREEN	  and	  POU4F1	  (BRN3A)	  (C,	  merge	  of	  A	  and	  B).	  Scale	  bar:	  20	  µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   Next,	  we	  analysed	  the	  Pdgfra-­Cre	  mouse,	  which	  was	  reported	  to	  express	  Cre	  recombinase	  in	  Müller	  cells	  (Roesch	  et	  al.,	  2008).	  We	  bred	  the	  Ai6	  reporter	  mouse	  (see	  above)	  to	  the	  Pdgfra-­
Cre	  mouse	  and	  investigated	  the	  pattern	  of	  Cre	  expression	  at	  PND	  15.	  Analysis	  of	  native	  ZSGREEN	  fluorescence	   on	   retinal	   cryosections	   revealed	   a	   broad	   distribution	   of	   the	   green	   fluorescent	  protein	   from	  central	   to	  peripheral	   retina	  and	   throughout	   the	   retinal	   layers	   (Fig.	  22).	   ZSGREEN	  was	   also	   observed	   uniformly	   distributed	   in	   the	   whole	   retina	   on	   flatmount	   preparations	   (Fig.	  22B).	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Figure	  22	  	  Localization	   of	   CRE	   activity	   in	   Ai6;Pdgfra-­Cre	   double	  mutant	   reporter	   mouse.	   (A)	   Shown	   is	   a	   retinal	  cryosection	  presenting	  native	  ZSGREEN	   fluorescence	   (green,	  only	  expressed	  where	  CRE	  activity	   is	  present)	  at	  PND	  15.	  
(B)	  Retinal	   flatmount	  showing	  the	  distribution	  of	  native	  ZSGREEN	  fluorescence.	  (C)	  Higher	  magnification	  of	  the	  retinal	  cryosection	  shown	  in	  (A)	  presenting	  the	  distribution	  of	  ZSGREEN	  through	  the	  retinal	  layers	  (shown	  is	  a	  picture	  from	  the	  central	  retina).	  Scale	  bar:	  200	  µm	  (A),	  50	  µm	  (C).	  (RPE:	  retinal	  pigment	  epithelium;	  ONL:	  outer	  nuclear	  layer;	  OPL:	  outer	  plexiform	   layer;	   INL:	   inner	   nuclear	   layer;	   IPL:	   inner	   plexiform	   layer;	   GCL:	   ganglion	   cell	   layer;	   D:	   dorsal;	   V:	   ventral).	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   Immunofluorescence	  co-­‐localization	  studies	  on	  retinal	   cryosections	  of	   the	  Ai6;Pdgfra-­Cre	  mouse	   at	  PND	  15	   revealed	  a	   clear	   co-­‐localization	  of	   both	  GLUL	   (GS)	   and	  GFAP	  with	  ZSGREEN,	  thus	   supporting	   the	   previously	   reported	   expression	   of	   Cre	   recombinase	   in	   Müller	   cells,	   but	  suggesting	   that	  astrocytes	  may	  also	  express	  Cre	  recombinase	   (Fig.	  23).	  Weak	  co-­‐localization	  of	  CALB1	  and	  ZSGREEN	  was	  also	  observed	   in	   the	  OPL,	   implying	   that	  also	  horizontal	   cells	  express	  
Cre	  recombinase	   in	  the	  Pdgfra-­Cre	  mouse.	  Absence	  of	  co-­‐localization	  of	  ZSGREEN	  with	  POU4F1	  (BRN3A),	   CALB2,	   VSX2	   (CHX10),	   PKCA,	   or	   RPE65	   points	   to	   the	   absence	   of	   CRE-­‐mediated	  recombination	  in	  RGCs,	  amacrine,	  bipolar,	  and	  RPE	  cells,	  respectively	  (Fig.	  23).	  It	  is	  important	  to	  note	  that	  in	  the	  Pdgfra-­Cre	  mouse,	  Cre	  transcription	  is	  not	  restricted	  to	  the	  retina.	  Even	  though	  a	  detailed	  analysis	  was	  not	  performed,	  ZSGREEN	  was	  detected	  in	  the	  sclera,	  choroid	  (Fig.	  22)	  and	  in	  extraocular	   tissues,	   such	  as	   the	  skin	  of	   the	   limbs.	  This	  broad	  expression	  pattern	  of	  CRE	  may	  cause	  systemic	  and	  unwanted	  effects	  after	  the	  deletion	  of	  specific	  genes.	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Figure	  23	  	  Detection	  of	  Cre	  expression	  in	  retinal	  cells	  of	  the	  Pdgfra-­Cre	  mouse	  as	  indicated	  by	  the	  co-­localization	  
of	  ZSGREEN	  and	  different	  cell	  markers	  in	  Ai6;Pdgfra-­Cre	  mice	  at	  PND	  15.	  Shown	  are	  retinal	  cryosections	  presenting	  native	  ZSGREEN	  fluorescence	  (green,	  only	  expressed	  where	  CRE	  activity	  is	  present)	  at	  PND	  15	  and	  immunostainings	  for	  different	   retinal	   cells	   markers	   (red).	   POU4F1	   (BRN3A)	   (brain-­‐specific	   homeobox/POU	   domain	   protein	   3A;	   retinal	  ganglion	  cells);	  CALB1	  (calbindin1;	  horizontal	  cells	  and	  amacrine	  cell	   subset);	  CALB2	  (calbindin	  2/calretinin,	  amacrine	  cells,	   ganglion	   cell	   subset);	   GLUL	   (GS)	   (glutamate-­‐ammonia	   ligase/glutamine	   synthetase,	   Müller	   cells),	   GFAP	   (glial	  fibrillary	  acidic	  protein;	  astrocytes	  and	  activated	  Müller	  cells);	  VSX2	  (CHX10)	  (visual	  system	  homeobox	  2/Chx10,	  bipolar	  cells);	   PKCA	   (protein	   kinase	   Ca;	   rod	   bipolar	   cells);	   RPE65	   (retinal	   pigment	   epithelium-­‐specific	   65	   kDa	   protein;	   retinal	  pigment	  epithelium).	  Scale	  bar:	  100	  µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  
	   The	   Opn-­Cre	   mouse	   was	   reported	   to	   express	   Cre	   recombinase	   in	   rod	   photoreceptors	  starting	   approximately	   at	   PND	   7	   and	   increasing	   up	   to	   6	   weeks	   of	   age	   (Le	   et	   al.,	   2006).	   We	  analyzed	   for	   rod-­‐specific	   Cre	   expression	   by	   breeding	   the	   reporter	   strain	   ROSA-­flox-­RFP,	  expressing	  red	  fluorescence	  protein	  (RFP),	  to	  the	  Opn-­Cre	  mouse.	  The	  retinas	  were	  prepared	  for	  analysis	  when	  the	  animals	  were	  10-­‐week	  old.	  In	  fact,	  based	  on	  our	  observations,	  recombination	  is	  efficient	  only	   from	   this	  age	  onwards	   in	   the	  Opn-­Cre	  mouse	   (data	  not	   shown).	  Distribution	  of	  RFP	   in	  retinal	  cryosections	  of	  10-­‐week	  old	  ROSA-­flox-­RFP;Opn-­Cre	  mice	  revealed	   localization	  of	  CRE	   in	   rods,	   but	   also	   revealed	   a	   patchy	   pattern	   of	   expression	   in	   roughly	   40%	  of	   the	   total	   rod	  population	  (estimation	  not	  based	  on	  quantitative	  measurements)(Fig.	  24).	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Figure	  24	  	  Detection	  of	  Cre	   expression	  pattern	   in	   the	  Opn-­Cre	  mouse	  as	   indicated	  by	   the	  distribution	  of	  RFP	   in	  
ROSA-­flox-­RFP;Opn-­Cre	  mice	  at	  PND	  70.	  (A)	  Shown	  is	  a	  naso-­‐temporal	  cryosection	  through	  the	  optic	  nerve	  head	  with	  RFP	   fluorescence	   (B)	   Higher	  magnification	   of	   the	   retinal	   cryosection	   shown	   in	   (A)	   presenting	   the	   distribution	   of	   RFP	  through	  the	  retinal	  layers.	  Scale	  bar:	  200	  µm	  (A),	  50	  µm	  (B).	  (RPE:	  retinal	  pigment	  epithelium;	  ONL:	  outer	  nuclear	  layer;	  OPL:	  outer	  plexiform	  layer;	  INL:	  inner	  nuclear	  layer;	  IPL:	  inner	  plexiform	  layer;	  GCL:	  ganglion	  cell	  layer)	  Scale	  bar	  200	  µm	  (Figure:	  Lange	  et	  al,	  2011)	  
	  
4.2 Genes	  Encoding	  for	  HIFs	  Are	  Expressed	  in	  the	  Mouse	  Retina	  	  
To	   address	   the	   roles	   of	   HIFs	   in	   the	   retina,	   we	   first	   measured	   the	   expression	   profile	   of	  genes	   encoding	   for	   these	   transcription	   factors	   during	   post-­‐natal	   development	   and	   in	   the	   adult	  retina	   of	   BL6/JFue	  mice.	   The	   expression	   profiles	   of	  Hif1a	   and	  Epas1	   (Hif2a)	   were	   remarkably	  similar.	  Both	  genes	  were	  transcribed	  at	  relatively	  low	  levels	  up	  to	  PND	  10,	  the	  time-­‐point	  when	  the	  expression	  increased	  by	  6-­‐fold	  and	  was	  maintained	  at	  constant	  level	  in	  the	  adult	  retina,	  with	  a	   slight	   tendency	   for	   increased	  mRNA	   levels	   towards	   6	  months	   of	   age	   (Fig.	   25A,	   B).	   A	   similar	  strong	   upregulation	   and	   a	   peak	   of	   expression	   at	   PND	   10	   were	   measured	   for	   Hif3a,	   which	  however	  showed	  a	  trend	  towards	  a	  decline	  of	  expression	  in	  the	  adult	  retina	  (Fig	  25C).	  The	  gene	  expression	  pattern	  of	  Hif1b	  showed	  a	  comparable	  profile	  as	  Hif1a	  and	  Epas1	  (Hif2a)	  (Fig.	  25D).	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   the	   increase	   in	   the	   expression	   of	   Hif1b	   at	   PND	   10	   was	   modest	   (3-­‐fold)	   when	  compared	  to	  Hif1a	  and	  Epas1	  (Hif2a)	  (6-­‐fold).	  
	  
	  
Figure	  25	  Expression	  profile	  of	  Hif	  genes	  in	  the	  post-­natal	  retina	  of	  BL6/JFue	  mice.	  Expression	  of	  Hif1a	  (hypoxia-­‐inducible	   factor	   1a)	   (A),	   Epas1	   (Hif2a)	   (endothelial	   PAS	   domain	   protein	   1	   /	   hypoxia-­‐inducible	   factor	   2a)	   (B),	   Hif3a	  (hypoxia-­‐inducible	  factor	  3a)	  (C),	  and	  Hif1b	  (hypoxia-­‐inducible	  factor	  1b)	  (D)	  as	  measured	  by	  semi-­‐quantitative	  real-­‐time	  PCR	  on	  cDNA	  samples	  prepared	  from	  BL6/JFue	  animals	  at	  different	  post-­‐natal	  days	  (PND).	  All	  values	  were	  normalized	  to	  
Actb	   and	   the	   value	   at	   PND	  3	  was	   set	   as	   100%.	   Shown	  are	  mean	   values	   of	  N=3	   animals	  with	   SD.	   (Figure:	   Caprara	   and	  Grimm,	  unpublished)	  	  
4.3 Hif1a	  Knockdown	  in	  the	  Retinal	  Periphery	  Does	  Not	  Alter	  Retinal	  
Development	  and	  Survival	  
To	   address	   the	   role	   of	   HIF1A	   in	   the	   developing	   and	   adult	   retina,	   we	   generated	  
Hif1aflox/flox;α-­Cre	  mice.	   Ablation	   of	   the	   floxed	   exon	   2	   of	   the	  Hif1a	   gene	   upon	   expression	   of	  Cre	  recombinase	  was	  expected	  in	  rods,	  Müller	  cells	  and	  a	  subset	  of	  amacrine,	  horizontal	  and	  ganglion	  cells	  of	   the	  peripheral	  retina.	   In	   the	  central	  and	  throughout	   the	  dorsal	  retina,	  Cre	  expression	   is	  restricted	   to	   a	   subset	   of	   amacrine	   and	   ganglion	   cells	   (Fig.	   19,	   20,	   21).	   Quantification	   of	  Hif1a	  mRNA	  levels	  in	  Hif1aflox/flox;α-­Cre	  knockdown	  mice	  showed	  a	  reduced	  expression,	  when	  compared	  to	  Hif1aflox/flox	  control	   littermates,	  as	  early	  as	  PND	  5	  and	  persisting	  up	   to	  PND	  60,	   the	   last	   time-­‐
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point	  measured	  (Fig.	  26A).	  Correspondingly,	  the	  levels	  of	  HIF1A	  protein	  under	  normoxia	  at	  PND	  10	   detected	   by	   immunoblotting	   were	   strongly	   reduced	   in	   the	   retina	   of	   knockdown	  mice	   (Fig.	  26B).	   The	   relatively	   strong	   reduction	   of	   HIF1A	   in	   knockdown	   mice	   is	   conceivable	   with	  incomplete	  retinal	  angiogenesis	  at	  PND	  10,	  in	  particular	  in	  the	  peripheral	  retina.	  This	  results	  in	  the	  hypoxic	  stabilization	  of	  HIF1A	  in	  the	  avascular	  retinal	  periphery	  (Fig.	  16	  (Stahl	  et	  al.,	  2010;	  Grimm	  et	  al.,	  2005).	  However,	  this	  cannot	  occur	  in	  the	  peripheral	  retina	  of	  the	  knockdown	  mice,	  where	  CRE-­‐mediated	  deletion	  of	  Hif1a	  occurs.	  	  	  	  
	  
Figure	   26	   Knockdown	   of	   Hif1a	   gene	   and	   protein	   expression	   in	   retinas	   of	   Hif1aflox/flox;α-­Cre	   mice.	   (A)	   Semi-­‐quantitative	   real-­‐time	  PCR	  of	  Hif1a	   (hypoxia-­‐inducible	   factor	   1a)	   gene	   expression	   in	   retinas	   of	  Hif1aflox/flox	  mice	  which	  served	  as	  wild-­‐type	  controls	  (white	  columns)	  and	  of	  Hif1a	  knockdown	  (red	  columns)	  mice.	  cDNAs	  were	  prepared	  from	  total	  retinal	  RNA	  isolated	  at	  post-­‐natal	  days	  as	  indicated	  on	  the	  X-­‐axis.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  3	  retinas	  per	  time	  point	  and	  genotype,	  amplified	   in	  duplicates.	  Values	  were	  normalized	  to	  Actb	  and	  expressed	  relatively	  to	  PND	  1	   in	  
Hif1aflox/flox	  mice,	  which	  was	  set	  to	  100%.	  Differences	  in	  gene	  expression	  levels	  between	  knockdown	  and	  control	  mice	  at	  individual	   time	   points	  were	   tested	   for	   significance	   using	   a	   Students	   t-­‐test	   *:	   P	   <	   0.05;	   **:	   P	   <	   0.01.	   (B)	  Western	   blot	  showing	  retinal	  HIF1A	  protein	   levels	  under	  normoxic	  conditions	  at	  PND	  10	   in	  Hif1aflox/flox	  mice	  without	  (Cre	  –)	  or	  with	  (Cre	  +)	  α-­Cre.	  ACTB	  served	  as	  loading	  control	  (Figure:	  adapted	  from	  (Caprara	  et	  al.,	  2011)).	  	  	  In	  spite	  of	  the	  successful	  knockdown	  of	  Hif1a,	  histological	  analysis	  by	  light	  microscopy	  of	  retinal	   tissue	   morphology	   did	   not	   reveal	   any	   appreciable	   abnormality	   or	   degeneration	   in	  
Hif1aflox/flox;α-­Cre	   mice	   during	   post-­‐natal	   development	   and	   in	   the	   aging	   retina	   (Fig.	   27).	   The	  retinal	   structure	   of	   the	  Hif1a	   knockdown	   retina	   at	   PND	   10	   appeared	   to	   be	   unaffected	   in	   the	  periphery	  where	   knockdown	  of	  Hif1a	   occurs.	  Maturation	  of	   the	   retina	   also	   advanced	  normally	  (Fig.	   27),	   and	   up	   to	   1	   year	   of	   age	   the	   retinal	   morphology	   of	   Hif1a	   knockdowns	   was	  indistinguishable	  from	  control	  Hif1aflox/flox	  mice	  (data	  not	  shown).	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Figure	  27	  	  Normal	  morphology	  and	  absence	  of	  retinal	  degeneration	  in	  Hif1aflox/flox;α-­Cre	  mice.	  Retinal	  morphology	  of	  Hif1aflox/flox;α-­Cre	  mice,	  and	  Hif1aflox/flox	  littermates	  at	  PND	  10,	  35,	  60,	  was	  analyzed.	  Shown	  are	  representative	  sections	  of	   the	   retinal	   periphery	   of	   at	   least	   three	   animals	   per	   time	   point.	   RPE,	   retinal	   pigment	   epithelium;	  ONL,	   outer	   nuclear	  layer;	  OPL,	  outer	  plexiform	  layer;	  INL,	  inner	  nuclear	  layer;	  IPL,	  inner	  plexiform	  layer;	  GCL,	  ganglion	  cell	  layer.	  Scale	  bar:	  50µm.	  (Figure:	  adapted	  from	  (Caprara	  et	  al.,	  2011)).	  	   The	  histological	  observations	  were	  confirmed	   in	  vivo	  by	  fundus	  and	  SD-­‐OCT	  imaging	  in	  3	  month-­‐old	  animals.	  Analysis	  by	  these	  techniques	  revealed	  that	  retinal	  tissue	  architecture	  of	  Hif1a	  knockdown	  mice	  was	  comparable	  to	  control	  animals	  (Fig.	  28).	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Figure	  28	  	  In	  vivo	  fundus	  and	  SD-­OCT	  imaging	  of	  Hif1aflox/flox	  (A)	  and	  Hif1aflox/flox;α-­Cre	  (B)	  mice	  at	  3	  months	  of	  age.	  Solid	  lines	  in	  the	  fundus	  image	  indicate	  the	  position	  where	  the	  OCT	  scans	  were	  taken.	  Shown	  are	  representative	  images	  of	  N=3	  mice	  per	  genotype	  (Figure:	  Caprara,	  Seeliger	  and	  Grimm,	  unpublished).	  	   In	   addition,	   quantitative	   measurements	   of	   retinal	   thickness	   supported	   the	   qualitative	  observations	  of	  retinal	  morphology	  of	  Hif1a	  knockdowns.	  In	  fact,	  a	  similar	  thickness	  of	  the	  retina	  and	  of	  the	  photoreceptor	  layer	  at	  PND	  60	  was	  measured	  in	  knockdown	  and	  wild-­‐type	  mice	  both	  
in	  vivo	  by	  SD-­‐OCT	  (Fig.	  29A)	  and	  in	  retinal	  histological	  preparations	  (Fig.	  29B).	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Figure	  29	  	  Retinal	   thickness	   in	  Hif1aflox/flox;α-­Cre	  mice.	   (A)	  Thickness	  of	   the	   retinal	   tissue,	   outer	   and	   inner	   retina,	   in	  
vivo	   as	   measured	   by	   SD-­‐OCT.	   Shown	   are	   three	   Hif1a	   knockdown	   mice	   and	   two	   control	   littermates	   at	   PND	   90.	   (B)	  Thickness	   of	   the	   total	   retina	   (left	   graph)	   and	   photoreceptor	   layer	   (right	   graph)	  measured	   in	   histological	   preparations	  from	  Hif1a	   knockdown	  mice	   (red	   lines)	  and	  control	   littermates	   (black	   lines)	  at	  PND	  60.	  Thickness	  was	  measured	  at	  0,	  150,	   500,	   1000,	   1500,	   1750,	   2000,	   and	   2250	   μm	   from	   the	   optic	   nerve	   head	   (ONH)	   in	   both	   nasal	   and	   temporal	  hemispheres,	  as	  indicated.	  Shown	  are	  means	  ±	  SD;	  N	  =	  3.	  Ticks	  on	  the	  x-­‐axis	  correspond	  to	  500	  μm.	  (Figure:	  A:	  Caprara,	  Seeliger	  and	  Grimm,	  unpublished;	  B:	  adapted	  from	  (Caprara	  et	  al.,	  2011)).	  	   A	   more	   detailed	   inspection	   by	   immunofluorescence	   analysis	   on	   retinal	   cryosections	  revealed	   no	   appreciable	   differences	   in	   the	   localization	   and	   spatial	   arrangement	   of	   the	   main	  neuronal	   and	   glial	   cell	   populations	   between	  Hif1a	   knockdown	   and	   control	   retinas	   (Fig.	   30),	   in	  line	   with	   the	   observations	   made	   on	   histological	   sections.	   Notably,	   in	   the	   3-­‐month	   old	   retinas	  analyzed,	   the	  expression	  of	  GFAP	  was	  not	  upregulated	   in	  Müller	  cells	  of	  Hif1aflox/flox;α-­Cre	  mice,	  thus	  suggesting	  that	  Hif1a	  knockdown	  does	  not	  lead	  to	  retinal	  stress	  or	  injury	  which	  would	  result	  in	   gliosis.	   Furthermore,	   the	   distribution	   of	   synaptophysin	   (SYP)	   immunostaining	   appeared	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undistinguishable	  in	  both	  knockdown	  and	  control	  retinas	  (Fig.	  30),	  signifying	  that	  the	  formation	  of	  synapses	  in	  the	  plexiform	  layers	  was	  unaffected	  by	  Hif1a	  ablation.	  	  
	  
Figure	  30	  	  Normal	   distribution	   of	   major	   retinal	   cell	   types	   in	   Hif1a	   knockdown	   mice.	   Immunostainings	   of	   rods	  (GNAT1:	   rod	   transducin,	   green),	   cones	   (GNAT2:	   cone	   transducin,	   white),	   bipolar	   cells	   (VSX2	   (CHX10):	   visual	   system	  homeobox	  2,	  red),	  Müller	  cells	  (GLUL	  (GS):	  glutamine	  synthase,	  yellow),	  astrocytes	  and	  Müller	  cell	  endfeet	  (GFAP:	  glial	  fibrillary	  acid	  protein,	  white),	  horizontal	  cells	  (CALB1:	  calbindin,	  orange),	  ganglion	  cells	  (POU4F1	  (BRN3A):	  POU	  domain,	  class	   4,	   transcription	   factor	   1,	   purple),	   and	   synapses	   in	   the	   inner	   plexiform	   and	   outer	   plexiform	   layer	   (SYP:	  synaptophysin,	  white)	   in	  Hif1aflox/flox;α-­Cre	  mice,	  and	  Hif1aflox/flox	   littermates	  at	  PND	  90.	  Note	   that	   the	  mice	  used	   for	   this	  study	  were	  light-­‐adapted	  which	  caused	  the	  redistribution	  of	  rod	  transducin	  to	  rod	  inner	  segments	  and	  cell	  bodies.	  Shown	  are	  stainings	  for	  the	  peripheral	  retina.	  Scale	  bar:	  50	  µm.	  (Figure:	  (Caprara	  et	  al.,	  2011))	  	   Semi-­‐quantitative	  analysis	  of	  gene	  expression	  up	  to	  PND	  60	  of	  selected	  marker	  genes	  for	  rod	  photoreceptors	  (Rho),	  cone	  photoreceptors	  (Gnat2),	  bipolar	  cells	  (Vsx2	  (Chx10)),	  and	  ipRGCs	  (Opn4)	  confirmed	  the	  qualitative	  observations	  obtained	  by	  immunofluorescence	  (Fig.	  31).	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Figure	  31	  Expression	  of	  retinal	  cell	  markers	  upon	  Hif1a	  ablation	  in	  the	  peripheral	  retina.	  Relative	  quantification	  of	  
Rho	   (rhodopsin;	   rod	   photoreceptors),	   Vsx2	   (Chx10)	   (visual	   system	   homeobox	   2/Chx10;	   bipolar	   cells),	   Gnat2	   (cone	  transducin;	  cone	  photoreceptors),	  and	  Opn4	   (melanopsin;	   ipRGCs)	   gene	  expression	   in	   retinas	  of	  Hif1aflox/flox;α-­Cre	  mice	  (red	  bars)	   compared	   to	  Hif1aflox/flox	  control	   littermates	   (white	  bars)	  by	   real-­‐time	  PCR.	   cDNAs	  were	  prepared	   from	   total	  retinal	  RNA	  isolated	  at	  time	  points	  indicated	  in	  the	  x-­‐axis.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  3	  retinas	  for	  each	  genotype	  and	   time	  point,	   amplified	   in	  duplicates.	  Values	  were	  normalized	   to	  Actb	   and	  expressed	   relatively	   to	  Hif1aflox/flox	   control	  littermates	  at	  PND	  1,	  which	  was	  set	  to	  100%.	  Differences	  in	  gene	  expression	  levels	  between	  knockdown	  and	  control	  mice	  at	  individual	  time	  points	  were	  tested	  for	  significance	  using	  a	  Students	  t-­‐test.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   In	  various	  mouse	  models	  for	  retinal	  degeneration,	  the	  cytokine	  LIF	  is	  induced	  in	  a	  subset	  of	   Müller	   glia	   cells	   (Samardzija	   et	   al.,	   2006;	   Joly	   et	   al.,	   2008),	   and	   controls	   a	   neuroprotective	  signalling	  cascade,	  which	  culminates	  in	  an	  increased	  expression	  of	  Fgf2	  and	  endothelin	  2	  (Edn2)	  (Samardzija	   et	   al.,	   2012).	   In	   addition,	   several	   genes	   involved	   in	   gliosis,	   including	   Gfap,	   are	  induced	  in	  different	  models	  of	  retinal	  degeneration	  (Grosche	  et	  al.,	  1997;	  Samardzija	  et	  al.,	  2012).	  To	  assess	  whether	  the	  aforementioned	  signalling	  pathway	  transiently	  or	  continuously	  supports	  the	  survival	  of	  retinal	  neurons	  upon	  Hif1a	  knockdown,	  we	  measured	  gene	  expression	  of	  Lif,	  Fgf2,	  
Edn2,	  and	  Gfap	  in	  the	  retina	  of	  Hif1aflox/flox;α-­Cre	  mice	  at	  different	  post-­‐natal	  stages.	  While	  Lif	  was	  upregulated	  three-­‐fold	  (p<0.001)	  at	  PND	  21	  in	  Hif1a	  knockdown	  retinas,	  accompanied	  by	  a	  two-­‐fold	   increase	   in	  Edn2	   mRNA	   expression	   at	   PND	   35,	   over	   a	   longer	   time	   span,	   this	   pro-­‐survival	  signalling	   pathway	   did	   not	   show	   signs	   of	   induction	   (Fig.	   32).	   Along	  with	   the	   absence	   of	   GFAP	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upregulation	  in	  Müller	  cells	  at	  PND	  90	  (Fig.	  30),	  no	  increase	  in	  Gfap	  expression	  was	  observed	  in	  
Hif1aflox/flox;α-­Cre	  mice	  (Fig.	  32).	  
	  
Figure	  32	  Expression	  of	  retinal	  stress	  genes	  upon	  Hif1a	  ablation	  in	  the	  peripheral	  retina.	  Relative	  quantification	  of	  
Lif	   (leukemia	   inhibitory	   factor),	   Gfap	   (glial	   fibrillary	   acidic	   protein),	   Fgf2	   (fibroblast	   growth	   factor	   2),	   and	   Edn2	  (endothelin	  2)	  gene	  expression	  in	  retinas	  of	  Hif1aflox/flox;α-­Cre	  mice	  (red	  bars)	  compared	  to	  Hif1aflox/flox	  control	  littermates	  (white	  bars)	  by	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	  from	  total	  retinal	  RNA	  isolated	  at	   time	  points	   indicated	  on	  the	  x-­‐axis.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  3	  retinas	  for	  each	  genotype	  and	  time	  point,	  amplified	  in	  duplicates.	  Values	  were	  normalized	   to	   Actb	   and	   expressed	   relatively	   to	   Hif1aflox/flox	   control	   littermates	   at	   PND	   1,	   which	   was	   set	   to	   100%.	  Differences	   in	   gene	   expression	   levels	   between	   knockdown	   and	   control	  mice	   at	   individual	   time	   points	  were	   tested	   for	  significance	  using	  a	  Students	  t-­‐test.	  *:	  p<0.05;	  ***:	  p<0.001	  (Figure:	  adapted	  from	  (Caprara	  et	  al.,	  2011))	  
	   Altogether,	  these	  results	  show	  that	  knockdown	  of	  Hif1a	  did	  not	  cause	  evident	  alterations	  in	  the	  post-­‐natal	  development	  and	  aging	  retina.	  The	  survival	  of	  the	  major	  types	  of	  retinal	  neurons	  and	  glia	  was	  not	  affected	  and	  any	  sign	  of	  gliosis	  was	  detected	   in	   the	  retina	  of	  Hif1aflox/flox;α-­Cre	  mice.	  	  	  
Results	  
	   82	  
4.4 	   Knockdown	   of	   Hif1a	   in	   the	   Retinal	   Periphery	   Results	   in	   an	  
Incomplete	  Development	  of	  the	  Retinal	  Vasculature	  
In	   the	   early	   post-­‐natal	   retina,	   HIF1A	   protein	   is	   stabilized	   due	   to	   the	   hypoxic	   event	  preceding	   and	   driving	   retinal	   angiogenesis.	   Afterwards,	   HIF1A	   protein	   levels	   decrease	   as	   the	  retina	  becomes	  vascularised	   (Fig.	  16)	   (Grimm	  et	  al.,	   2005).	  We	   therefore	   investigated	   the	   time	  course	   of	   retinal	   angiogenesis	   by	   analyzing	   the	   vasculature	   in	   retinal	   flatmounts	   of	   Hif1a	  knockdown	  and	  wild-­‐type	  mice.	  At	  PND	  5,	   the	  primary	  plexus	   reached	  about	   two	   thirds	  of	   the	  retinal	  surface	  in	  both	  experimental	  groups.	  The	  primary	  plexus	  grew	  with	  similar	  kinetics	  and	  reached	  the	  periphery	  around	  PND	  10	  in	  both	  Hif1a	  knockdown	  and	  control	  mice	  (Fig.	  33).	  
	  
Figure	  33	  	  Development	  of	  the	  primary	  plexus	  in	  Hif1a	  knockdown	  mice.	  Retinal	  flatmounts	  of	  Hif1aflox/flox;α-­‐Cre	  mice	  (right),	   and	  Hif1aflox/flox	   littermates	   (left)	   at	   PND	  5	   (top)	   and	   PND	  10	   (bottom).	   Vessels	  were	   stained	  with	   isolectin	   IB4	  (white)	  coupled	  to	  Alexa594.	  Shown	  are	  representative	  retinas	  of	  N	  =	  3	  mice.	  Scale	  bar:	  500	  µm	  (Figure:	  (Caprara	  et	  al.,	  2011))	  
	  	  	   Despite	   the	   apparently	   normal	   kinetics	   of	   development	   of	   the	   primary	  plexus,	  when	  we	  analyzed	   the	   intraretinal	   vasculature	   in	   more	   detail	   by	   confocal	   microscopy	   of	   flatmounted	  retinas	  and	  cryosections,	  Hif1aflox/flox;α-­Cre	  mice	  presented	  a	  strongly	  reduced	  vascular	  coverage	  at	   the	   level	   of	   the	   intermediate	   plexus	   in	   the	   peripheral	   retina	   at	   PND	   21	   (Fig.	   34A).	   On	   the	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contrary,	  the	  development	  of	  the	  primary	  and	  outer	  capillary	  plexi	  did	  not	  appear	  to	  be	  affected.	  In	   the	   central	   retina	   of	  Hif1aflox/flox;α-­Cre	   mice,	   both	   deeper	   plexi	   were	   present	   and	   showed	   a	  pattern	  comparable	   to	  control	  mice,	   in	   line	  with	   the	   low	  expression	  of	  Cre	  recombinase	   in	   this	  region	  (Fig.	  34A).	  The	  incomplete	  capillary	  coverage	  in	  the	  periphery	  persisted	  at	  least	  until	  PND	  60	  (the	  last	  time	  point	  analyzed).	  In	  fact,	  the	  retinal	  vasculature	  of	  Hif1aflox/flox	  control	  animals	  at	  PND	   60	   showed	   the	   dense	   capillary	   network	   of	   the	   intermediate	   plexus.	   However,	   in	   Hif1a	  knockdown	  mice,	  the	  capillary	  network	  of	  the	  intermediary	  plexus	  was	  largely	  absent	  and	  only	  vessels	  connecting	  the	  primary	  to	  the	  outer	  plexus	  were	  distinguishable	  in	  the	  peripheral	  retina	  (Fig.	  34B).	  Hence,	   the	  absence	  of	   the	   intermediate	  plexus	   is	  not	  a	   transient	  phenotype	  due	  to	  a	  delayed	  angiogenesis,	  but	  persists	   into	  adulthood.	  When	   the	  extent	  of	  vascular	  coverage	   in	  21-­‐day	  old	  retinas	  was	  quantified	  for	  each	  individual	  plexus,	  knockdown	  mice	  showed	  a	  reduction	  of	  75%	   ±	   6%	   (P<0.01)	   in	   the	   extent	   of	   vascularisation	   of	   the	   intermediate	   plexus	   compared	   to	  controls.	  A	  mildly	  increased	  vascular	  density,	  corresponding	  to	  130%	  ±	  11%	  (P<0.05)	  of	  that	  of	  control	  littermates,	  was	  observed	  for	  the	  primary	  plexus	  in	  Hif1aflox/flox;α-­Cre	  mice.	  At	  the	  level	  of	  the	  outer	  plexus,	  no	  significant	  differences	  were	  detected.	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Figure	  34	  	  Lack	  of	  the	  intermediate	  plexus	  in	  the	  peripheral	  retina	  of	  Hif1a	  knockdown	  mice.	  (A)	  Immunostainings	  of	   blood	   vessels	   (isolectin	   IB4,	   coupled	   to	   Alexa594)	   in	  Hif1aflox/flox	   littermates	   (left)	   and	   Hif1aflox/flox;α-­Cre	  mice	   (right).	  Shown	  are	   flatmounts	   (top)	  and	  retinal	   cryosections	   (bottom)	  at	  PND	  21.	  Pictures	  of	   the	  vascular	   layers	   in	   flatmounts	  were	   taken	   by	   adjusting	   the	   focal	   plane	   of	   the	   confocal	  microscope	   accordingly.	   Vessels	  were	   highlighted	   by	   artificial	  colouring	  (primary	  plexus:	  blue;	  intermediate	  plexus:	  green;	  outer	  plexus:	  red).	  Scale	  bar:	  200	  µm	  (flatmounts);	  100	  µm	  (sections).	   (B)	   Representative	   pictures	   of	   the	   intermediate	   plexus	   in	   flatmounts	   of	   Hif1aflox/flox	   littermates	   (left),	   and	  
Hif1aflox/flox;α-­Cre	  mice	   (right)	   at	  PND	  60.	  The	   focal	  plane	  was	  adjusted	   to	  visualize	   exclusively	   the	   intermediate	  plexus	  (top).	  XZ-­‐stacks	  (bottom)	  are	  artificial	  sections	  and	  show	  the	  sum	  of	  all	  signals	  (including	  signals	  in	  the	  primary	  (Prim),	  the	   intermediate	  (Inter)	  and	  the	  outer	  (Outer)	  plexus)	  of	   the	  area	  shown	  in	  the	   flatmount	  panels	  above	  the	  stacks.	  For	  better	  recognition	  of	  the	  different	  plexi,	   the	  z-­‐value	  of	  the	  z-­‐stacks	  was	  increased	  5	  times	  (x=1;	  y=1;	  z=5).	  Yellow	  lanes	  depict	   the	   focal	   planes	   used	   for	   the	   flatmount	   pictures.	   *:	   depicts	   the	  more	   central	   retina.	   Scale	   bar:	   100	   µm	   (Figure:	  (Caprara	  et	  al.,	  2011)).	  
	   The	  absence	  of	   the	   intermediate	  plexus	   in	   the	  retinal	  periphery	  of	  Hif1alox/flox;α-­Cre	  mice	  raises	  questions	  about	  the	  stability	  of	  the	  BRB,	  and	  the	  ability	  of	  the	  existing	  capillary	  network	  to	  provide	  an	  adequate	  perfusion	  of	  the	  tissue.	  Aberrant	  development	  of	  the	  retinal	  vasculature	  can	  be	   accompanied	   by	   functional	   deficits	   of	   blood	   vessels,	   which	   may	   lead	   to	   leakage	   or	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haemorrhage	  also	  under	  physiological	  conditions	  (Kaur	  et	  al.,	  2008;	  Pournaras	  et	  al.,	  2008).	  To	  analyze	   the	   solidity	   of	   the	   retinal	   hemodynamics	   in	   the	   Hif1alox/flox;α-­Cre	   mice,	   we	   tested	   for	  vascular	   stability	   and	   possible	   leakage	   with	   cSLO	   in	   combination	   with	   FL	   and	   ICG. ICG	  angiography	  highlights	  both	  retinal	  and	  choroidal	  vascular	  structures,	  whereas	  FL	  angiography	  imaging	   yields	   particularly	   detailed	   information	   about	   the	   retinal	   capillary	   beds,	   but	   not	   the	  choroidal	   vasculature	   (Seeliger	   et	   al.,	   2005).	   Both	   ICG	   and	   FL	   angiography	   in	   the	   retina	   of	   3-­‐month	  old	  Hif1a	   knockdowns	  did	  not	   reveal	   any	   vascular	   leakage	   and	   showed	  a	  normal	  blood	  perfusion	  of	  the	  whole	  neural	  tissue	  of	  the	  eye	  (Fig.	  35).	  Nevertheless,	  fundus	  images	  uncovered	  abnormalities	   (lesions)	   in	   the	   retina	   of	  Hif1a	   knockdown	   mice	   that	   were	   not	   seen	   in	   control	  littermates.	   In	  addition,	   these	  abnormal	   lesions	  were	  visible	  also	  with	   ICG	  and	  FL	  angiography,	  thus	  pointing	   to	  vascular	  defects	   in	   the	  deep	  capillary	  beds	   (Fig.	  35C-­‐F).	  Taken	   together,	   these	  results	  show	  that	  in	  spite	  of	  the	  inhibitory	  effect	  of	  Hif1a	  knockdown	  on	  the	  development	  of	  the	  intermediate	  plexus,	   functional	   capillaries	   interconnecting	   the	  primary	   to	   the	  outer	  plexus	   can	  guarantee	   the	   perfusion	   of	   the	   retina.	   No	   obvious	   effects	   on	   the	   stability	   of	   the	   BRB,	   such	   as	  leakage	  or	  haemorrhage,	  could	  be	  observed.	  Furthermore,	  the	  presence	  of	  vascular	  lesions	  in	  the	  retina	   of	   adult	   Hif1a	   knockdown	   mice	   suggests	   for	   abnormalities	   in	   vascular	   proliferation	  persisting	  into	  adulthood.	  
	  
Figure	   35	   Normal	   vascular	   perfusion	   and	   presence	   of	   vascular	   lesions	   in	   the	   retina	   of	  Hif1aflox/flox;α-­Cre	  mice.  Control	   and	   Hif1a	   knockdown	   mouse	   retinas	   were	   examined	   with	   cSLO	   imaging	   (A:	   control;	   vs.	   C,	   D:	   knockdown),	  fluorescein	   angiography	   (B:	   control;	   E,	   F:	   knockdown),	   and	   indocyanine	   green	   angiography	   (E:	   knockdown).	   Fundus	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images	  at	  830	  nm	  revealed	  some	  alterations	  in	  the	  eye	  of	  Hif1aflox/flox;α-­Cre	  mice	  in	  comparison	  to	  the	  unaffected	  control	  (compare	   A	   to	   C,	   D).	   This	   lesion	   was	   also	   detectable	   with	   indocyanine	   green	   and	   fluorescein	   angiography	   (E,	   F),	  indicating	  some	  abnormalities	  in	  the	  deep	  capillary	  plexi.	  (Figure:	  Caprara,	  Seeliger	  and	  Grimm,	  unpublished)	  	   Many	   gene	   products	   have	   been	   implicated	   in	   the	   complex	   and	   multi-­‐stage	   process	   of	  retinal	   angiogenesis.	   Analysis	   of	   the	   time-­‐course	   of	   expression	   of	   these	   genes	   by	   semi-­‐quantitative	  real-­‐time	  PCR	  may	  give	  hints	  about	  their	  involvement	  in	  the	  vascular	  phenotype	  of	  
Hif1a	  knockdown	  retinas.	  The	  most	  notable	  and	  investigated	  pro-­‐angiogenic	  gene	  is	  Vegfa,	  whose	  expression	   is	   upregulated	   in	   the	   hypoxic	   avascular	   retina,	   and	   thus	   drives	   post-­‐natal	  angiogenesis	  (Fruttiger,	  2007).	  Upregulation	  of	  Vegfa	  transcripts	  have	  also	  been	  described	  in	  the	  INL	  of	  the	  rat	  retina	  in	  a	  time	  window	  preceding	  the	  growth	  of	  the	  deep	  capillary	  plexus	  (Stone	  et	  al.,	  1995).	  In	  spite	  of	  this,	  no	  notable	  and	  significant	  alterations	  of	  Vegfa	  mRNA	  expression	  in	  the	  retina	  were	  observed	  up	  to	  PND	  60	  upon	  Hif1a	  ablation	  (Fig.	  36).	  	  Not	  only	  reduced	  expression	  of	  pro-­‐angiogenic	  genes	  may	  explain	  the	  vascular	  phenotype	  of	  Hif1aflox/flox;α-­Cre	   retinas,	  but	  also	  an	   increased	  production	  of	  anti-­‐angiogenic	   factors	  such	  as	  
Serpinf1	  (Pedf)	  may	  underlie	  this	  phenomenon	  (Eichler	  et	  al.,	  2004).	  As	  for	  Vegfa	  expression,	  also	  
Serpinf1	   (Pedf)	   mRNA	   levels	   were	   unchanged	   upon	  Hif1a	   knockdown	   in	   the	   retinal	   periphery	  (Fig.	  36).	  	  ANG2	   is	   a	   natural	   antagonist	   of	   TEK	   (TIE2),	   an	   endothelial-­‐specific	   tyrosine	   kinase	  receptor	   that	   plays	   an	   important	   role	   in	   the	   regulation	   of	   physiological	   vascular	   growth	  (Maisonpierre	  et	  al.,	  1997).	  Ang2	  expression	  was	  slightly	  but	  not	  significantly	  increased	  at	  PND	  5-­‐10	  in	  Hif1a	  knockdown	  mice.	  Interestingly,	  Tek	  (Tie2)	  expression	  at	  PND	  21	  was	  significantly	  increased	  by	  two-­‐fold	  (p<0.001)	  (Fig.	  36).	  	  Members	   of	   the	   netrin	   protein	   family	   have	   recently	   been	   postulated	   to	   contribute	   to	  retinal	   developmental	   and	   pathological	   angiogenesis	   (Xu	   et	   al.,	   2012;	   Lange	   et	   al.,	   2012).	  Interestingly,	   upon	  Hif1a	   ablation	   in	   the	   retinal	   periphery,	   both	   netrin	   1	   (Ntn1)	   and	   netrin	   4	  
(Ntn4)	  mRNA	  levels	  were	  slightly	  but	  significantly	  reduced	  (p<0.5)	  at	  PND	  10	  when	  compared	  to	  wild-­‐type	  littermates.	  Gene	  expression	  of	  Ntn1	  was	  also	  strongly	  decreased	  in	  the	  adult	  retina	  of	  
Hif1aflox/flox;α-­Cre	  mice	  when	  compared	  to	  control	  animals,	  even	  though	  the	  downregulation	  was	  not	  statistically	  significant	  (Fig.	  36).	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Loss	  of	  norrin	  (NDP),	  the	  ligand	  of	  a	  receptor	  complex	  composed	  of	  frizzled	  4	  (FZD4),	  low-­‐density	   lipoprotein	   receptor-­‐related	   protein	   5	   (LRP5),	   and	   tetraspanin	   12	   (TSPAN12),	   causes	  acute	  developmental	  blood	  vessel	  defects	   in	   the	  retina,	   including	  the	  absence	  of	  both	  the	  outer	  and	  intermediate	  retinal	  capillary	  beds	  (Ohlmann	  and	  Tamm,	  2012).	  Gene	  expression	  analysis	  by	  real-­‐time	   PCR	   did	   not	   reveal	   statistically	   significant	   decreased	   expression	   of	  Ndp	   but	   showed	  significantly	   reduced	   expression	   of	   the	   receptor	   components	   Fzd4	   and	   Tspan12	   at	   PND	   10	   in	  
Hif1aflox/flox;α-­Cre	  retinas,	  the	  approximate	  time	  window	  for	  the	  development	  of	  the	  intermediate	  plexus	  (Fig.	  36).	  	  Adrenomedullin	   (ADM)	   is	   a	   molecule	   expressed	   in	   the	   retina	   that	   is	   involved	   in	   the	  regulation	   of	   vascular	   tone	   by	   inducing	   vasodilation	   (Kitamura	   et	   al.,	   1993).	   In	   addition,	  Adm	  gene	  expression	  has	  been	  shown	  to	  be	  induced	  by	  hypoxia	  in	  the	  retina	  (Thiersch	  et	  al.,	  2008).	  In	  the	   retinas	  of	  Hif1aflox/flox;α-­Cre	  mice,	   expression	  of	  Adm	  was	   significantly	   increased	   two-­‐fold	  at	  PND	  15	  (p<0.01)	  and	  PND	  21	  (p<0.5)	  when	  compared	  to	  control	  mice	  (Fig.	  36).	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Figure	  36	  	  Expression	  of	  angiogenic	  genes	  upon	  Hif1a	  ablation	   in	   the	  peripheral	  retina.	  Relative	  quantification	  of	  
Vegfa	  (vascular	  endothelial	  growth	  factor	  a),	  Serpinf1	  (serine	  (or	  cysteine)	  peptidase	  inhibitor,	  clade	  F,	  member	  1/Pedf),	  
Ang2	   (angiopoietin	   2),	   Tek	   (endothelial-­‐specific	   receptor	   tyrosine	   kinase/Tie	   2),	   Ntn1	   (netrin	   1),	   Ntn4	   (netrin	   4),	   Ndp	  (Norrie	   disease	   pseudoglioma),	   Fzd4	   (frizzled	   homolog	   4),	   Lrp5	   (low	   density	   lipoprotein	   receptor-­‐related	   protein	   5),	  
Tspan12	   (tetraspanin	   12),	   and	   Adm	   (adrenomedullin)	   gene	   expression	   in	   retinas	   of	  Hif1aflox/flox;α-­Cre	  mice	   (red	   bars)	  compared	  to	  Hif1aflox/flox	  control	  littermates	  (white	  bars)	  by	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	  from	  total	  retinal	  RNA	  isolated	  at	  time	  points	  indicated	  on	  the	  x-­‐axis.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  3	  retinas	  for	  each	  genotype	  and	  time	  point,	  amplified	  in	  duplicates.	  Values	  were	  normalized	  to	  Actb	  and	  expressed	  relatively	  to	  Hif1aflox/flox	  control	  littermates	  at	   PND	   1,	   which	   was	   set	   to	   100%.	   Differences	   in	   gene	   expression	   levels	   between	   knockdown	   and	   control	   mice	   at	  individual	  time	  points	  were	  tested	  for	  significance	  using	  a	  Students	  t-­‐test.	  *:	  P	  <	  0.05;	  **:	  P	  <	  0.01;	  ***:	  P	  <	  0.001	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  
In	  conclusion,	  in	  spite	  of	  the	  absence	  of	  significant	  modifications	  in	  the	  expression	  of	  Vegfa	  upon	  Hif1a	   ablation,	   the	  mRNA	   levels	   of	  Ntn	   family	  members,	   as	  well	   as	   components	   of	  WNT	  signalling	   (Fzd4	   and	   Tspan12)	   are	   reduced	   in	   the	   Hif1aflox/flox;α-­Cre	   mouse	   retina	   in	   a	   time-­‐window	   when	   retinal	   angiogenesis	   occurs.	   Also,	   the	   increased	   expression	   of	   Adm	   hints	   to	   a	  possible	  induction	  of	  vasodilation	  in	  the	  retina	  of	  Hif1a	  knockdowns.	  
	  
4.5 Normal	   Retinal	   Function	   in	   the	   Absence	   of	   HIF1A	   in	   the	   Retinal	  
Periphery	  
Alterations	  in	  the	  delivery	  of	  oxygen	  and	  nutrients	  have	  harmful	  consequences	  on	  cellular	  metabolism	   and	   also	   affect	   neuronal	   function.	   Data	   obtained	   by	   ERG	   recordings	   show	   that	  ischemia	  and	  hypoxia	  reduce	  retinal	  function,	  primarily	  affecting	  b-­‐wave	  amplitude	  (Brown	  et	  al.,	  1957;	   Coleman	   et	   al.,	   1990;	   Tinjust	   et	   al.,	   2002).	   The	   reduced	   vascular	   coverage	   in	   the	   inner	  retina	   of	  Hif1a	   knockdown	  mice	  may	   result	   in	   local	   retinal	   hypoxia,	   and	   could	   therefore	   affect	  function	  of	  the	  tissue.	  To	  test	  this	  hypothesis,	  we	  measured	  retinal	  function	  under	  scotopic	  and	  photopic	   conditions	   by	   ERG	   in	   both	   Hif1a	   knockdown	   and	   control	   mice	   at	   PND	   90.	   ERG	  recordings	  did	  not	   underline	   statistically	   significant	   differences	  between	   the	   two	   experimental	  groups,	   even	   though	   the	   b-­‐wave	   amplitude	   of	   Hif1a	   knockdowns	   was	   decreased	   under	   both	  scotopic	  and	  photopic	  conditions	  (Fig.	  37).	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Figure	  37	  ERG	  recordings	  in	  Hif1aflox/flox;α-­Cre	  mice	  are	  comparable	  to	  control	  littermates.	  Scotopic	  (A	  and	  B)	  and	  photopic	  (C	  and	  D)	  ERG	  recordings	  in	  Hif1aflox/flox;α-­Cre	  (red	  lines)	  and	  Hif1aflox/flox	  control	  littermates	  (black	  lines).	  a-­‐	  and	  b-­‐wave	  amplitudes	  under	  scotopic	  conditions	  (B)	  and	  b-­‐wave	  amplitude	  under	  photopic	  conditions	  (D)	  are	  shown.	  N	  =	  3.	  (Figure:	  Caprara,	  Seeliger	  and	  Grimm,	  unpublished)	  	  
4.6 Epo	  Is	  Upregulated	  in	  Hif1a	  Knockdown	  Mice	  
Despite	  knockdown	  of	  Hif1a,	  a	  known	  inducer	  of	  Epo	  transcription	  in	  hypoxia	  (Wang	  and	  Semenza,	   1996),	   semi-­‐quantitative	   real-­‐time	   PCR	   analysis	   revealed	   a	   strong	   and	   significant	  upregulation	   of	  Epo	   expression	   starting	   at	   PND	  15,	   and	  persisting	   up	   to	   PND	  60,	   the	   last	   time	  point	  analyzed	  (Fig.	  38A).	  The	  induction	  of	  Epo	  transcription	  in	  retinas	  of	  Hif1aflox/flox;α-­Cre	  mice	  may	   have	   been	   regulated	   by	   EPAS1	   (HIF2A)	   (Chavez	   et	   al.,	   2006).	   Interestingly,	  Epas1	   (Hif2a)	  mRNA	   levels	   appeared	  upregulated	   at	   PND	  21	   in	  Hif1aflox/flox;α-­Cre	  mice	   (Fig.	   38A),	   and	  EPAS1	  (HIF2A)	   was	   present	   at	   increased	   levels	   in	   Hif1a	   knockdown	   mice	   at	   the	   time	   when	   Epo	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upregulation	  started	  (PND	  15)	  and	  persisted	  up	  to	  PND	  75	  (Fig.	  38B).	  In	  contrast,	  EPAS1	  (HIF2A)	  levels	  were	  very	   low	   in	  both	  Hif1a	   knockdown	  and	  control	  mice	  at	  PND	  10.	  At	   this	   time	  point,	  also	  Epo	  was	  expressed	  at	  similar	  low	  levels	  in	  both	  knockdown	  and	  control	  mice	  (Fig.	  38A).	  Beside	  EPAS1	  (HIF2A),	  also	  GATA2	  (Obara	  et	  al.,	  2008)	  and	  HNF4A	  (Zhang	  et	  al.,	  1999)	  are	  known	  regulators	  of	  Epo	  gene	  expression.	  Nevertheless,	  in	  our	  mouse	  model,	  neither	  Gata2	  nor	  
Hnf4a	  gene	  expression	  was	  altered	  by	  Hif1a	  knockdown	  (Fig.	  38A).	  	  
	  
Figure	  38	  	  Increased	  expression	  of	  Epo	  mRNA	  and	  elevated	  protein	   levels	  of	  EPAS1	  (HIF2A)	   in	  Hif1aflox/flox;α-­Cre	  
retinas.	   (A)	  Relative	   quantification	   of	   Epo	   (erythropoietin),	  Epas1	   (Hif2a)	   (endothelial	   PAS	   domain	   protein	   1/Hif2a),	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Hnf4a	  (hepatic	  nuclear	   factor	  4a),	  Gata2	  (GATA	  binding	  protein	  2),	  gene	  expression	   in	  retinas	  of	  Hif1aflox/flox;α-­Cre	  mice	  (red	   bars)	   compared	   to	  Hif1aflox/flox	   control	   littermates	   (white	   bars)	   by	   semi-­‐quantitative	   real-­‐time	   PCR.	   cDNAs	   were	  prepared	   from	   total	   retinal	   RNA	   isolated	   at	   time	   points	   indicated	   on	   the	   x-­‐axis.	   Given	   are	  mean	   values	   ±	   SD	   of	  N	   =	   3	  retinas	   for	   each	   genotype	   and	   time	   point,	   amplified	   in	   duplicates.	   Values	   were	   normalized	   to	   Actb	   and	   expressed	  relatively	   to	   Hif1aflox/flox	   control	   littermates	   at	   PND	   1,	   which	   was	   set	   to	   100%.	   Differences	   in	   gene	   expression	   levels	  between	  knockdown	  and	  control	  mice	  at	  individual	  time	  points	  were	  tested	  for	  significance	  using	  a	  Students	  t-­‐test.	  *:	  P	  <	  0.05;	   **:	  P	  <	  0.01;	   ***:	  P	  <	  0.001.	   (B)	  Western	  blot	  analysis	  of	   total	   retinal	  extracts	  at	  PND	  10,	  PND	  15	  and	  PND	  75	  of	  
Hif1aflox/flox	   mice	   without	   (Cre	   –)	   or	   with	   α-­Cre	   (Cre	   +)	   as	   indicated.	   ACTB	   served	   as	   loading	   control.	   Shown	   are	  representative	  blots	  of	  N=3	  animals	  per	  time	  point	  and	  genotype	  (Figure:	  adapted	  from	  (Caprara	  et	  al.,	  2011)).	  
	  
4.7 Double	   Knockdown	   of	   Hif1a	   and	   EpoR	   in	   the	   Peripheral	   Retina	  
Does	  not	  Lead	  to	  Retinal	  Degeneration	  
Elevated	   expression	   of	   Epo	   may	   contribute	   to	   neuronal	   survival	   in	   particular	   in	   the	  senescent	   retina	   due	   to	   the	   tissue-­‐protective	   abilities	   of	   this	   cytokine	   (Chapter	   1.6.2).	   The	  absence	  of	  noticeable	  signs	  of	  retinal	  degeneration,	  in	  spite	  of	  the	  vascular	  phenotype	  described	  in	  Hif1a	   knockdown	   retinas,	   may	   thus	   be	   the	   consequence	   of	   increased	   secretion	   of	   EPO.	   To	  investigate	  on	  a	  possible	  pro-­‐survival	  activity	  of	  EPO-­‐EPOR	  signalling	   in	  Hif1aflox/flox;α-­Cre	  mice,	  we	   ablated	   EpoR	   concomitantly	   with	  Hif1a	   in	   the	   retinal	   periphery	   by	   generating	  Hif1aflox/flox;	  
EpoRflox/flox;α-­Cre	  mice.	   At	   6	  months	   of	   age,	   retinal	   expression	   of	  Hif1a	  mRNA	  was	   significantly	  reduced	  by	  about	  70%	  (p<0.01)	  in	  Cre	  expressing	  mice	  as	  compared	  to	  control	  littermates.	  This	  was	   accompanied	   by	   a	   significant	   decrease	   of	   EpoR	   mRNA	   by	   40%	   (p<0.05)	   (Fig.	   39).	   The	  reduction	   of	  EpoR	   transcripts	  was	   a	   result	   of	   CRE-­‐mediated	   excision	   of	   the	   loxP-­‐flanked	  EpoR	  genomic	   sequence	   (exons	   1-­‐4),	   as	   revealed	   by	   the	   appearance	   of	   a	   220bp	   fragment	   upon	   PCR	  analysis	   of	   retinal	   genomic	   DNA	   of	   Hif1aflox/flox;	   EpoRflox/flox;α-­Cre	   mice	   (data	   not	   shown,	   see	  Chapter	  4.10).	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Figure	  39	  Knockdown	  of	  Hif1a,	  EpoR	  and	  overexpression	  of	   Epo	   in	   retinas	  of	  Hif1aflox/flox;	   EpoRflox/flox;α-­Cre	  mice.	  Relative	  quantification	  of	  Hif1a	  (hypoxia-­‐inducible	   factor	  1a),	  EpoR	  (erythropoietin	   receptor)	  and	  Epo	  (erythropoietin)	  gene	   expression	   in	   retinas	   of	  Hif1aflox/flox;	   EpoRflox/flox;α-­Cre	  mice	   (red	   bars)	   compared	   to	  Hif1aflox/flox;	   EpoRflox/flox	   control	  littermates	  (white	  bars)	  by	  semi-­‐quantitative	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	   from	  total	  retinal	  RNA	  isolated	  at	  6	  months	  of	  age.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  4	  retinas	  for	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  animals	  and	  N	  =	  3	  retinas	  for	  controls,	   amplified	   in	   duplicates.	   Values	   were	   normalized	   to	   Actb	   and	   expressed	   relatively	   to	   Hif1aflox/flox;	   EpoRflox/flox	  control	  littermates,	  which	  was	  set	  to	  100%.	  Differences	  in	  gene	  expression	  levels	  between	  knockdown	  and	  control	  mice	  at	  individual	  time	  points	  were	  tested	  for	  significance	  using	  a	  Students	  t-­‐test	  *:	  P	  <	  0.05;	  **:	  P	  <	  0.01	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   Similarly	   as	   observed	   upon	   ablation	   of	   Hif1a	   in	   the	   retinal	   periphery	   (Fig.	   38A),	  simultaneous	  deletion	  of	  Hif1a	  and	  EpoR	  resulted	  in	  significantly	  elevated	  (p<0.01)	  Epo	  mRNA	  by	  about	  3.5	   fold	   as	   compared	   to	   control	   littermates	   (Fig.	   39).	  Despite	  deletion	  of	   both	  Hif1a	  and	  
EpoR	   in	   the	   peripheral	   retina,	   long-­‐term	   analysis	   revealed	   a	   normal	   preservation	   of	   retinal	  morphology	  with	  any	  appreciable	  signs	  of	  ongoing	  tissue	  degeneration	  up	  to	  PND	  400,	   the	   last	  time	  point	  analyzed	  (Fig.	  40).	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Figure	  40	  	  Normal	  morphology	  and	  absence	  of	  retinal	  degeneration	  in	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice.	  Retinal	  morphology	  of	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice,	   and	  Hif1aflox/flox;	  EpoRflox/flox	   littermates	  at	  PND	  30,	  180,	  and	  400	  were	  analyzed.	  Shown	  are	  representative	  sections	  of	  the	  retinal	  periphery	  of	  at	  least	  three	  animals	  per	  time	  point.	  RPE,	  retinal	  pigment	  epithelium;	  ONL,	  outer	  nuclear	  layer;	  OPL,	  outer	  plexiform	  layer;	  INL,	  inner	  nuclear	  layer;	  IPL,	  inner	  plexiform	  layer;	  GCL,	  ganglion	  cell	  layer.	  Scale	  bar:	  50µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  
Analysis	   of	   the	   survival	   of	   the	   main	   retinal	   cell	   populations	   was	   performed	   by	  quantification	  of	  mRNA	   levels	  of	  different	  marker	  genes	  by	  semi-­‐quantitative	   real-­‐time	  PCR.	   In	  double	  knockdown	  mice	  and	  control	  littermates,	  mRNA	  expression	  of	  Gnat1	  and	  Gnat2	  suggested	  a	  comparable	  survival	  of	  rod	  and	  cone	  photoreceptors,	  respectively.	  Similarly,	  expression	  of	  Vsx2	  
(Chx10)	  and	  Glul	  (GS)	   transcripts,	  as	  marker	  for	  bipolar	  cells	  and	  Müller	  cells,	  respectively,	  was	  unaltered	  upon	  simultaneous	  ablation	  of	  Hif1a	  and	  EpoR.	  The	  ganglion	  cell	  survival	  in	  the	  retina	  of	   knockdown	   mice	   was	   not	   impaired,	   as	   suggested	   by	   mRNA	   expression	   of	   the	   “traditional”	  ganglion	   cell	   marker	   Pou4f1	   (Brn3a)	   and	   Opn4,	   the	   gene	   encoding	   for	   melanopsin,	   which	   is	  expressed	  by	  ipRGCs	  (Fig.	  41).	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Figure	  41	  	  Expression	  of	  retinal	  cell	  markers	  in	  retinas	  of	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice.	  Relative	  quantification	  of	  Gnat1	  (rod	  transducin,	  rods),	  Gnat2	  (cone	  transducin,	  cones),	  Pou4f1	  (Brn3a)	  (POU	  domain,	  class	  4,	  transcription	  factor	  1,	  RGCs),	  Vsx2	  (Chx10)	  (visual	  system	  homeobox	  2,	  bipolar	  cells),	  Glul	  (GS)	  (glutamine	  synthase,	  Müller	  cells),	  and	  Opn4	  (melanopsin,	  ipRGCs)	  gene	  expression	  in	  retinas	  of	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice	  (red	  bars)	  compared	  to	  Hif1aflox/flox;	  
EpoRflox/flox	  control	   littermates	  (white	  bars)	  by	  semi-­‐quantitative	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	  from	  total	  retinal	  RNA	  isolated	  at	  6	  months	  of	  age.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  4	  retinas	  for	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  animals	  and	  N	  =	  3	  retinas	  for	  controls,	  amplified	  in	  duplicates.	  Values	  were	  normalized	  to	  Actb	  and	  expressed	  relatively	  to	  Hif1aflox/flox;	  
EpoRflox/flox	   control	   littermates,	  which	  was	   set	   to	   100%.	  Differences	   in	   gene	   expression	   levels	   between	  knockdown	  and	  control	  mice	  at	   individual	   time	  points	  were	   tested	   for	  significance	  using	  a	  Students	   t-­‐test	   (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	  	   Rex	  and	  co-­‐workers	  emphasized	  a	  contribution	  of	  EPO	  in	  the	  regulation	  of	  the	  expression	  of	   stress-­‐related	   genes,	   such	   as	  Gfap	   (Rex	   et	   al.,	   2009).	  Measurement	   of	  Gfap	   mRNA	   levels	   by	  semi-­‐quantitative	   real-­‐time	   PCR	   revealed	   a	   significant	   (p<0.05)	   1.8-­‐fold	   increased	   mRNA	  expression	  of	  Gfap	  in	  the	  retina	  of	  double	  knockdown	  mice	  at	  6	  months	  of	  age	  (Fig.	  42).	  Increased	  expression	  of	   this	   gene	   can	  be	  a	   sign	  of	  ongoing	   retinal	   gliosis,	  which	  upon	   injurious	   insults	   is	  accompanied	  by	   the	  production	  of	   inflammatory	  molecules	   (Wang	  et	   al.,	   2011a).	  However,	   the	  mediators	   of	   the	   inflammatory	   response	   Tnfa	   and	   Il1b	   did	   not	   show	   statistically	   significant	  upregulation	  in	  double	  knockdown	  mice	  when	  compared	  to	  control	  animals	  at	  6	  months	  of	  age	  (Fig.	  42).	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Figure	  42	  	  Expression	  of	  stress-­related	  genes	   in	  retinas	  of	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice	  at	  6	  months	  of	  age.	  Relative	  quantification	  of	  Gfap	  (glial	   fibrillary	  acidic	  protein),	  Tnfa	   (tumour	  necrosis	  factor	  a),	  and	   Il1b	  (interleukin	  1b)	  gene	   expression	   in	   retinas	   of	  Hif1aflox/flox;	   EpoRflox/flox;α-­Cre	  mice	   (red	   bars)	   compared	   to	  Hif1aflox/flox;	   EpoRflox/flox	   control	  littermates	  (white	  bars)	  by	  semi-­‐quantitative	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	   from	  total	  retinal	  RNA	  isolated	  at	  6	  months	  of	  age.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  4	  retinas	  for	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  animals	  and	  N	  =	  3	  retinas	  for	  controls,	   amplified	   in	   duplicates.	   Values	   were	   normalized	   to	   Actb	   and	   expressed	   relatively	   to	   Hif1aflox/flox;	   EpoRflox/flox	  control	  littermates,	  which	  was	  set	  to	  100%.	  Differences	  in	  gene	  expression	  levels	  between	  knockdown	  and	  control	  mice	  at	   individual	   time	   points	  were	   tested	   for	   significance	   using	   a	   Students	   t-­‐test	   *:	   P	   <	   0.05	   (Figure:	   Caprara	   and	   Grimm,	  unpublished).	  	   Analysis	  by	   immunostaining	  on	  retinal	  cryosections	  at	  6	  months	  of	  age	  revealed	  that	  the	  distribution	   of	   GFAP	   across	   retinal	   layers	   was	   restricted	   to	   astrocytes	   and	   did	   not	   show	  upregulation	  of	  the	  fibrillary	  protein	  in	  Müller	  cells,	  thereby	  excluding	  development	  of	  gliosis	  in	  
Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice.	  Noteworthy,	  the	  protein	  levels	  of	  GFAP	  in	  astrocytes	  appeared	  to	  be	  upregulated	  in	  knockdown	  animals.	  Also,	  the	  normally	  stellate	  astrocytic	  morphology	  was	  altered	  in	  knockdown	  retinas	  with	  a	  reduction	  in	  the	  extent	  of	  glial	  processes	  (Fig.	  43).	  
	  
Figure	  43	  	  GFAP	  distribution	  in	  retinas	  of	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice.	  Immunostainings	  of	  astrocytes	  /	  Müller	  cell	  endfeet	  (GFAP:	  glial	  fibrillary	  acid	  protein,	  yellow)	  and	  staining	  of	  cell	  nuclei	  (DAPI,	  blue)	  on	  retinal	  cryosections	  (left	  panels)	  and	  retinal	  flatmounts	  (right	  panels)	  of	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice,	  and	  Hif1aflox/flox;	  EpoRflox/flox	  littermates	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at	  PND	  180.	  GFAP	  signal	  detected	  within	  the	  choroid	  and	  OPL	  is	  unspecific	  and	  derived	  from	  secondary	  antibody.	  Scale	  bar:	  100µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  	   Over	  the	  past	  years,	  treatments	  with	  rhEPO	  have	  been	  shown	  to	  ameliorate	  the	  stability	  of	  retinal	  vessels	  (Chen	  et	  al.,	  2008),	  and	  to	  possess	  pro-­‐angiogenic	  properties	  (Kertesz	  et	  al.,	  2004).	  To	  test	  whether	  concomitant	  deletion	  of	  Hif1a	  and	  EpoR	  could	  aggravate	  the	  vascular	  phenotype	  observed	   in	  Hif1aflox/flox;α-­Cre,	  we	   stained	   1-­‐month	   old	   retinal	   flatmounts	   with	   isolectin	   IB4	   to	  highlight	   the	   vasculature.	   The	   vascular	   phenotype	   in	  Hif1aflox/flox;EpoRflox/flox;α-­Cre	  mice	   did	   not	  diverge	   from	   the	   one	   reported	   in	   Hif1aflox/flox;α-­Cre	   retinas,	   where	   the	   development	   of	   the	  intermediate	  capillary	  plexus	  was	  strongly	  reduced	  in	  the	  periphery	  (Fig.	  44).	  
	  
Figure	  44	  	  Lack	  of	  the	  intermediate	  plexus	  in	  the	  peripheral	  retina	  of	  Hif1aflox/flox;	  EpoRflox/flox;α-­Cre	  mice.	  Stainings	  of	   blood	   vessels	   (isolectin	   IB4,	   coupled	   to	   Alexa594)	   in	   Hif1aflox/flox;	   EpoRflox/flox;α-­Cre	  mice	   and	   Hif1aflox/flox;	   EpoRflox/flox	  littermates.	  Shown	  are	  flatmounts	  at	  PND	  30.	  Pictures	  of	  the	  different	  vascular	  plexi	  in	  the	  periphery	  of	  retinal	  flatmounts	  were	  taken	  by	  adjusting	  the	  focal	  plane	  of	  the	  confocal	  microscope	  accordingly.	  Scale	  bar:	  100	  µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	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   Taken	   together,	   data	   obtained	   from	   the	   analysis	   of	   the	   Hif1aflox/flox;EpoRflox/flox;α-­Cre	  mouse	  retina	  demonstrate	  that	  the	  absence	  of	  EPOR	  (in	  Cre-­‐expressing	  cells)	  does	  not	  affect	  the	  long-­‐term	   survival	   of	   the	   retina	   and	   angiogenesis,	   in	   spite	   of	   the	   presence	   of	   increased	   Epo	  transcripts.	  
	  
4.8 Knockdown	   of	   Hif1a	   in	   Retinal	   Glia	   Does	   not	   Affect	   Retinal	  
Morphology,	  Angiogenesis,	  and	  Resistance	  to	  Hypoxia	  	  
The	  heterogeneity	  of	  Cre-­‐expressing	  cells	  in	  the	  retina	  of	  Hif1aflox/flox;α-­Cre	  mice	  renders	  it	  difficult	  to	  assign	  changes	  of	  the	  expression	  of	  a	  particular	  gene	  to	  a	  specific	  retinal	  cell	  type.	  The	  vascular	  phenotype	  we	  observed	  in	  the	  retina	  of	  Hif1aflox/flox;α-­Cre	  mice	  (Fig.	  34)	  may	  have	  been	  caused	   by	   alterations	   in	   the	   transcription	   of	   specific	   HIF1A-­‐induced	   genes	   in	   Müller	   cells.	   To	  inquire	  on	   this	  possibility,	  we	   ablated	  Hif1a	   in	   retinal	   glia	  by	   generating	  Hif1aflox/flox;Pdgfra-­Cre	  animals.	   The	   Pdgfra-­Cre	   mouse	   expresses	   Cre	   recombinase	   in	   Müller	   cells,	   astrocytes	   and	   a	  subset	  of	  CALB1-­‐positive	  cells	   in	   the	  OPL,	  presumably	  horizontal	  cells	   (Fig.	  22,	  23).	  Analysis	  of	  the	  mRNA	   levels	  Hif1a	   in	   the	   retina	  of	  Hif1aflox/flox;Pdgfra-­Cre	  mice	  at	  8	  weeks	  of	   age	   showed	  a	  statistically	  significant	  (p<0.05)	  reduction	  corresponding	  to	  approximately	  65%	  when	  compared	  to	  control	   littermates,	   thus	  validating	   the	  knockdown	  strategy	   (Fig.	  45A).	  Ablation	  of	  Hif1a	  did	  not	  result	  in	  aberrant	  lamination	  of	  the	  retina	  or	  degeneration	  up	  to	  1	  year	  of	  age,	  the	  last	  time-­‐point	  analyzed	  (Fig.	  45B).	  In	  line	  with	  these	  results,	  the	  expression	  levels	  of	  Rho,	  Pou4f1	  (Brn3a),	  and	   Vsx2	   (Chx10)	   were	   similar	   between	   8-­‐week	   old	   Hif1a	   knockdown	   mice	   and	   control	  littermates,	  thus	  suggesting	  that	  the	  total	  cell	  number	  of	  rod	  photoreceptors,	  RGCs,	  and	  bipolar	  cells,	  respectively,	  was	  not	  influenced	  by	  deletion	  of	  Hif1a	  in	  retinal	  glia	  (Fig.	  45C).	  The	  absence	  of	   noticeable	   signs	   of	   retinal	   degeneration	  was	   confirmed	   by	   a	   similar	   thickness	   of	   the	   retina	  between	   Hif1aflox/flox;Pdgfra-­Cre	   and	   control	   mice	   at	   1	   year	   of	   age	   (Fig.	   45D).	   Furthermore,	  thickness	  of	   the	  ONL,	   INL,	  and	  GCL	  was	  not	   influenced	  by	  ablation	  of	  Hif1a	   in	  retinal	  glia	  (data	  not	  shown).	  Also,	  expression	  of	  Gfap	  did	  not	  suggest	  for	  the	  presence	  of	  a	  gliotic	  response	  (Fig.	  45C).	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Figure	  45	  	  Normal	   retinal	  morphology	  upon	  ablation	  of	  Hif1a	   in	   retinal	  glia.	   (A)	  Quantification	  of	  Hif1a	   (hypoxia-­‐inducible	   factor	   1a)	  mRNA	   expression	   under	   normoxic	   conditions	   by	   real-­‐time	   PCR.	   cDNAs	  were	   prepared	   from	   total	  retinal	  RNA	  isolated	  at	  8	  weeks	  of	  age.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  4	  retinas	  for	  Hif1aflox/flox;	  Pdgfra-­Cre	  animals	  and	  for	   controls,	   amplified	   in	   duplicates.	   Values	   were	   normalized	   to	   Actb	   and	   expressed	   relatively	   to	   Hif1aflox/flox	   control	  littermates,	  which	  was	  set	  to	  100%.	  The	  difference	  in	  gene	  expression	  levels	  between	  knockdown	  and	  control	  mice	  was	  tested	   for	   significance	   using	   a	   Students	   t-­‐test	   *:	   P	   <	   0.05.	   (B)	  Retinal	  morphology	   of	  Hif1aflox/flox;Pdgfra-­Cre	  mice,	   and	  
Hif1aflox/flox;	  littermates	  at	  PND	  180,	  and	  PND	  360.	  Shown	  are	  representative	  sections	  of	  the	  central	  retina	  of	  three	  animals	  per	  time	  point.	  Scale	  bar:	  100µm.	  (C)	  Relative	  quantification	  of	  Rho	  (rhodopsin,	  rods),	  Pou4f1	  (Brn3a)	  (POU	  domain,	  class	  4,	   transcription	   factor	  1,	  RGCs),	  Vsx2	  (Chx10)	  (visual	  system	  homeobox	  2,	  bipolar	  cells),	  and	  Gfap	   (glial	   fibrillary	  acidic	  protein,	   astrocytes,	   activated	   Müller	   cells)	   gene	   expression	   in	   retinas	   of	   Hif1aflox/flox;Pdgfra-­Cre	   mice	   compared	   to	  
Hif1aflox/flox	  control	  littermates	  by	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	  from	  total	  retinal	  RNA	  isolated	  at	  8	  weeks	  of	  age	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  4	  retinas	  for	  Hif1aflox/flox;	  Pdgfra-­Cre	  animals	  and	  for	  controls,	  amplified	  in	  duplicates.	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Values	   were	   normalized	   to	   Actb	   and	   expressed	   relatively	   to	   Hif1aflox/flox	   control	   littermates,	   which	   was	   set	   to	   100%.	  Differences	   in	   gene	   expression	   levels	   between	   knockdown	   and	   control	  mice	   at	   individual	   time	   points	  were	   tested	   for	  significance	  using	  a	  Students	  t-­‐test.	  (D)	  Thickness	  of	  the	  retina	  in	  1	  year-­‐old	  Hif1aflox/flox;Pdgfra-­Cre	  mice	  and	  Hif1aflox/flox	  control	  littermates.	  Thickness	  was	  measured	  at	  0,	  150,	  500,	  1000,	  1500,	  2000,	  2500,	  and	  3000	  μm	  from	  the	  optic	  nerve	  head	   (ONH)	   in	   both	   dorsal	   and	   ventral	   hemispheres,	   as	   indicated.	   Mean	   ±	   SD;	   N	   =	   3.	   (Figure:	   Caprara	   and	   Grimm,	  unpublished).	  	  
	   Since	   absence	   of	   HIF1A	   in	   Müller	   cells	   may	   be	   involved	   in	   the	   vascular	   phenotype	   of	  
Hif1aflox/flox;α-­Cre	  mice,	  we	   analyzed	   the	   retinal	   vasculature	   of	  Hif1aflox/flox;Pdgfra-­Cre	  mice.	   At	   1	  month	  of	  age,	  the	  primary,	  intermediate	  and	  outer	  plexus	  of	  Hif1aflox/flox;Pdgfra-­Cre	  animals	  were	  comparable	   to	   control	   littermates.	   In	   particular,	   the	   intermediate	   plexus	   was	   completely	   and	  correctly	  developed	  (Fig.	  46).	  
	  
Figure	  46	  	  Normal	   development	   of	   the	   intermediate	   plexus	   in	   the	   peripheral	   retina	   of	   Hif1aflox/flox;	   Pdgfra-­Cre	  
mice.	   Stainings	   of	   blood	   vessels	   (isolectin	   IB4,	   coupled	   to	   Alexa594)	   in	   Hif1aflox/flox;	   Pdgfra-­Cre	  mice	   and	   Hif1aflox/flox	  littermates.	  Shown	  are	  flatmounts	  at	  PND	  30.	  Pictures	  of	  the	  different	  vascular	  plexi	  in	  the	  periphery	  of	  retinal	  flatmounts	  were	  taken	  by	  adjusting	  the	  focal	  plane	  of	  the	  confocal	  microscope	  accordingly.	  Scale	  bar:	  200	  µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished).	  	   Hypoxia	  can	  result	  in	  cellular	  dysfunction	  and	  /	  or	  cell	  death	  in	  different	  tissues	  (Shimizu	  et	  al.,	  1996;	  Azad	  et	  al.,	  2008;	  Zheng	  et	  al.,	  2012).	  In	  spite	  of	  this,	  exposure	  of	  wild-­‐type	  mice	  to	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reduced	  oxygen	  tension	  (6	  Hrs,	  /7%	  O2)	  does	  not	  affect	  retinal	  cell	  viability	  (Grimm	  et	  al.,	  2002).	  HIF1A	  may	  be	  the	  essential	  factor	  that	  provides	  resistance	  to	  the	  retina	  against	  hypoxic	  damage.	  This	   could	   occur	   by	   a	   paracrine	  mechanism	   in	   which	   HIF1A-­‐induced	   expression	   of	   protective	  factors	  by	  retinal	  glia	  may	  sustain	  the	  survival	  of	  retinal	  neurons.	  Concomitantly,	  HIF1A	  could	  be	  crucial	   for	  the	  survival	  of	  Müller	  cells	  and	  astrocytes	  under	  conditions	  of	  oxygen	  deficiency.	  To	  test	   this	   hypothesis,	   we	   exposed	   Hif1aflox/flox;Pdgfra-­Cre	   mice	   to	   hypoxia	   and	   analyzed	   retinal	  morphology	  12	  days	  after	  the	  hypoxic	  insult	  for	  the	  presence	  of	  any	  symptom	  of	  degeneration.	  In	  line	  with	  previous	  reports	  (Thiersch	  et	  al.,	  2009),	  retinal	  morphology	  of	  or	  Hif1aflox/flox	  mice	  did	  not	  shown	  signs	  of	  damage	  following	  a	  hypoxic	  exposure.	  Absence	  of	  HIF1A	  in	  retinal	  glia	  did	  not	  result	  in	  retinal	  degeneration	  caused	  by	  hypoxic	  damage	  (Fig.	  47).	  
	  
Figure	  47	  Absence	  of	  HIF1A	  in	  retinal	  glia	  does	  not	  result	  in	  hypoxic	  damage	  to	  the	  retina.	  Retinal	  morphology	  of	  
Hif1aflox/flox;Pdgfra-­Cre	  mice,	  and	  Hif1aflox/flox;	   littermates	  was	  analyzed	  12	  days	  after	  exposure	  to	  hypoxia	  (6	  Hrs,	  7%	  O2)	  and	  compared	  to	  animals	  maintained	  under	  normoxic	  conditions.	  Shown	  are	  representative	  sections	  of	  the	  central	  retina	  of	  three	  animals	  per	  time	  point.	  Scale	  bar:	  100µm.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	  
	   Taken	  together,	  these	  results	  suggest	  that	  the	  absence	  of	  HIF1A	  in	  Müller	  cells	  does	  not	  affect	  angiogenesis	  and	   is	   therefore	  not	  the	  cause	  for	  the	   lack	  of	   the	   intermediate	  plexus	   in	  the	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retinal	   periphery	  of	  Hif1aflox/flox;α-­Cre	  mice.	   In	   addition,	  Hif1a	   knockdown	   in	  Müller	   glia	   has	  no	  consequences	  on	  the	  development	  of	  the	  retina,	  and	  its	  ability	  to	  survive	  to	  hypoxic	  episodes.	  
4.9 	  Epo,	  EpoR	  and	  Csf2rb	  (βCR)	  Are	  Expressed	  in	  Retina	  	  
To	   acquire	   first	   hints	   on	   the	   possible	   roles	   of	   Epo,	   EpoR,	   and	   the	   cytokine	   co-­‐receptor	  
Csf2rb	  (βCR)	  in	  retinal	  development	  and	  physiology,	  we	  analyzed	  the	  expression	  profile	  of	  these	  genes	  in	  the	  post-­‐natal	  and	  adult	  retina	  of	  BL6/JFue	  mice.	  The	  expression	  of	  Epo	  augmented	  by	  two-­‐fold	   gradually	   starting	   from	   PND	   10	   to	   reach	   an	   approximately	   steady-­‐state	   level	   in	  adulthood,	  with	  a	  tendency	  towards	  higher	  expression	  in	  older	  animals	  (Fig.	  48A).	   Intriguingly,	  expression	  of	  EpoR	  was	  maintained	  at	  relatively	  low	  levels	  until	  PND	  10,	  the	  time-­‐point	  when	  its	  expression	  increased	  by	  7-­‐fold	  and	  progressively	  reached	  a	  14-­‐fold	  increase	  at	  6	  months	  of	  age,	  when	  compared	  to	  PND	  3	  (Fig.	  48B).	  On	  the	  contrary,	  expression	  of	  the	  Csf2rb	  (βCR)	  was	  stable	  and	  did	  not	  show	  significant	  oscillations	  over	  time	  (Fig.	  48C).	  	  In	   semi-­‐quantitative	   real-­‐time	   PCR,	   monitoring	   of	   reaction	   kinetics	   by	   inclusion	   of	  fluorescent	   probes	   enables	   the	  measurement	   of	   a	   crossing	   point	   (CP)	   (or	   cycle	   threshold	   (CT))	  value,	   at	   a	   cycle	   number	   at	  which	   fluorescence	   becomes	  measurable	   above	   background	   signal	  (Higuchi	  et	  al.,	  1993).	  CP	  values	  are	  directly	  proportional	  to	  the	  number	  of	  gene	  transcripts	  in	  an	  inverse	   logarithmic	   relationship	   (Heid	   et	   al.,	   1996).	   Thus,	   high	   CP	   values	   are	   a	   sign	   of	   low	  transcript	  abundance,	  while	  low	  CP	  values	  indicate	  that	  a	  gene	  is	  highly	  expressed.	  In	  respect	  to	  the	  analysis	  of	  Epo	  and	  EpoR	  gene	  expression,	  it	  is	  important	  to	  mention	  that	  CP	  values	  for	  both	  gene	  transcripts	  were	  particularly	  elevated.	  In	  the	  case	  of	  Epo,	  CP	  value	  was	  set	  around	  cycle	  34	  in	   normoxia	   (cycle	   30	   in	   hypoxia),	   while	   EpoR	   transcripts	   were	   detected	   at	   cycle	   29	   in	   both	  normoxia	  and	  hypoxia.	  A	  highly	  expressed	  gene	  in	  the	  retina,	  such	  as	  Rho,	  shows	  CP	  values	  of	  14	  when	  transcripts	  are	  amplified	  (data	  not	  shown).	  This	  observation	  highlights	  the	  low	  abundance	  of	  EpoR	  and	  particularly	  Epo	  transcripts	  in	  the	  retina.	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Figure	   48	   Gene	   expression	   profile	   of	   Epo,	   EpoR,	   and	   Csf2rb	   (βCR)	   in	   the	   post-­natal	   retina	   of	   BL6/JFue	   mice.	  Expression	  of	  Epo	  (erythropoietin)	  (A),	  EpoR	  (erythropoietin	  receptor)	  (B),	  and	  Csf2rb	  (βCR)	  (beta	  common	  receptor)	  (C)	  as	  measured	  by	   semi-­‐quantitative	   real-­‐time	  PCR	  on	   cDNA	   samples	  prepared	   from	  BL6/JFue	   animals	   at	   different	   post-­‐natal	  days	  (PND).	  All	  values	  were	  normalized	  to	  Actb	  and	  PND	  3	  was	  set	  as	  100%.	  Shown	  are	  mean	  values	  ±	  SD	  of	  N	  =	  3	  animals.	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation)	  	  
4.10 Knockdown	   of	   EpoR	   in	   Rod	   Photoreceptors	   or	   in	   the	   Peripheral	  
Retina	  Has	  no	  Effects	  on	  Retinal	  Development	  and	  Function	  
To	  explore	  the	  role	  of	  EPOR	  in	  the	  retina,	  we	  ablated	  the	  EpoR	  genomic	  sequence	  either	  in	  rod	   photoreceptors,	   by	   generating	   EpoRflox/flox;Opn-­Cre	   mice,	   or	   in	   the	   peripheral	   retina	   by	  breeding	   EpoRflox/flox;α-­Cre	   mice.	   CRE-­‐mediated	   recombination	   in	   the	   Opn-­Cre	   mouse	   is	  considered	  to	  be	  efficient	  after	  approximately	  10	  weeks	  of	  age,	  and	  occurs	  in	  approximately	  40%	  of	  rod	  photoreceptors	  (Fig.	  24).	  On	  the	  other	  hand,	  expression	  of	  Cre	  in	  the	  α-­Cre	  mouse	  begins	  embryonically,	  and	  is	  eventually	  restricted	  to	  a	  heterogeneous	  cell	  population	  of	  the	  peripheral	  retina	  (Fig.	  19,	  20).	  Upon	  excision	  of	  loxP-­‐flanked	  exons	  1-­‐4	  in	  the	  EpoR	  gene,	  a	  220bp	  fragment	  is	   generated	  when	  using	   specific	  primers	   for	  PCR	   (Tsai	   et	   al.,	   2006).	  Appearance	  of	   the	  220bp	  fragment	   revealed	   a	   successful	   recombination	   in	   both	  EpoRflox/flox;Opn-­Cre	  and	  EpoRflox/flox;α-­Cre	  mouse	   retinas	   (Fig.	   49A1,	   B1).	   A	   decrease	   in	  EpoR	   expression	   of	   approximately	   35%	   (p<0.05)	  was	  measured	  in	  the	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  kept	  under	  normoxic	  conditions	  (Fig.	  49B2),	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thus	   validating	   the	   knockdown	   strategy.	   In	   contrast,	   no	   significant	   knockdown	   was	   observed	  when	  EpoR	  mRNA	  levels	  where	  measured	  in	  total	  retinal	  extracts	  from	  EpoRflox/flox;Opn-­Cre	  mice	  (Fig.	  49A2).	  This	  was	  an	  unexpected	  result,	  as	  the	  validity	  of	  the	  Opn-­Cre	  mouse	  was	  confirmed	  before	  (Le	  et	  al.,	  2006).	  	  Siren	   and	   co-­‐workers	   suggested	   that	   the	   transcription	   of	   EpoR	   might	   be	   induced	   by	  hypoxia	   in	   the	  brain	  (Siren	  et	  al.,	  2001b).	  To	   investigate	   the	  expression	  of	  EpoR	  under	  hypoxic	  conditions	  in	  the	  retina,	  animals	  were	  kept	  for	  6	  Hrs	  at	  7%	  O2	  in	  a	  hypoxic	  chamber	  and	  retinas	  were	  collected	  immediately	  after	  the	  exposure	  for	  analysis.	  In	  both	  EpoR	  knockdown	  mouse	  lines	  and	  control	  littermates,	  exposure	  to	  hypoxia	  did	  not	  cause	  any	  statistically	  significant	  increase	  in	  
EpoR	  transcripts	  (Fig.	  49A2,	  B2).	  We	   also	   investigated	   the	   mRNA	   levels	   of	   mEpoR	   (membrane-­‐bound	   EpoR)	   and	   sEpoR	  (soluble	   EpoR),	   in	   the	   retina	  of	  2.5	   and	  7.5	  month-­‐old	  mice.	  Expression	  of	   the	   two	  EpoR	   splice	  variants	  was	  unaltered	  in	  EpoRflox/flox;Opn-­Cre	  retinas	  (Fig.	  49A3).	  On	  the	  contrary,	  expression	  of	  
sEpoR	   was	   statistically	   significantly	   (p<0.001)	   reduced	   by	   roughly	   60%	   in	   the	   retina	   of	   2.5	  month-­‐old	  EpoRflox/flox;α-­Cre	  mice	  when	  compared	  to	  wild-­‐type	  mice	  (Fig.	  49B3).	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Figure	  49	  	  Knockdown	   of	   EpoR	   in	   EpoRflox/flox;Opn-­Cre	   and	   EpoRflox/flox;α-­Cre	   retinas.	   PCR	   amplification	   of	   genomic	  DNA	  from	  total	  retinal	  extract	  of	  three	  different	  EpoRflox/flox	  and	  EpoRflox/flox;Opn-­Cre	  mice	  (A1)	  or	  three	  different	  EpoRflox/flox	  and	  EpoRflox/flox; α-­Cre	  mice	  (B1)	  at	  12	  weeks	  of	  age.	  The	  amplified	  fragment	  from	  the	  loxP-­‐flanked	  EpoR	  sequence	  has	  a	  length	  of	  420	  bp.	  CRE-­‐mediated	   recombination	   results	   in	   the	  appearance	  of	   a	  220bp	   fragment.	   Semi-­‐quantitative	   real-­‐time	   PCR	   analysis	   of	   the	   expression	   of	   EpoR	   (erythropoietin	   receptor)	   in	   total	   retinal	   extracts	   of	   12	   week-­‐old	  
EpoRflox/flox;Opn-­Cre	  mice	  (red	  bars)	  (A2)	  or	  EpoRflox/floxα-­Cre	  mice	  (blue	  bars)	  (B2)	  in	  normoxia	  (21%	  O2)	  and	  hypoxia	  (6	  Hrs,	  7%	  O2).	  Values	  were	  normalized	  to	  Actb,	  and	  EpoRflox/flox	  normoxic	  value	  (white	  bars)	  was	  set	  as	  100%.	  Shown	  are	  mean	  values	  ±	  SD	  of	  N	  =	  4	  animals.	   Semi-­‐quantitative	   real-­‐time	  PCR	  analysis	  of	   the	  expression	  of	  mEpoR	   (membrane-­‐bound	  EpoR)	  and	  sEpoR	  (soluble	  EpoR)	  in	  total	  retinal	  extracts	  of	  12	  week-­‐old	  EpoRflox/flox;Opn-­Cre	  mice	  	  (red	  bars)	  (A3)	  or	  EpoRflox/flox; α-­Cre	  mice	  (blue	  bars)	  (B3)	  at	  2.5	  and	  7.5	  months	  of	  age.	  Values	  were	  normalized	  to	  Actb,	  and	  EpoRflox/flox	  at	  2.5	  months	  (white	  bars)	  was	  set	  as	  100%.	  Shown	  are	  mean	  values	  ±	  SD	  of	  N	  =	  3	  animals.	  Differences	  in	  gene	  expression	  levels	  between	  knockdown	  and	  control	  mice	  at	  individual	  time	  points	  were	  tested	  for	  significance	  using	  a	  Students	  t-­‐test.	  *:p<0.05;	  ***:	  p<0.001.	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation)	  	   The	   absence	   of	   a	   measurable	   knockdown	   in	   total	   retinal	   extracts	   of	  EpoRflox/flox;Opn-­Cre	  mice	   could	   result	   either	   from	   absence	   or	   low	   expression	   of	   EpoR	   in	   the	   ONL	   or	   increased	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transcription	  of	  EpoR	  in	  cells	  other	  than	  rod	  photoreceptors.	  To	  test	  this	  possibility,	  we	  isolated	  RNA	  from	  the	  three	  different	  retinal	  nuclear	  layers	  by	  laser	  capture	  microdissection.	  Analysis	  of	  the	   expression	   of	   marker	   genes	   for	   the	   ONL	   (Gnat1),	   INL	   (Vsx2	   (Chx10)),	   and	   GCL	   (Pou4f1	  
(Brn3a))	   showed	   a	   low	   level	   of	   cross	   contamination	   between	   the	   different	   nuclear	   layers	   (Fig.	  50A).	  Semi-­‐quantitative	  real-­‐time	  PCR	  analysis	  revealed	  a	  decrease	  of	  EpoR	  expression	  (35%)	  in	  the	  ONL	  of	  EpoRflox/flox;Opn-­Cre	  mice	  compared	  to	  control	  littermates,	  even	  though	  the	  reduction	  did	  not	  reach	  statistical	  significance.	  Interestingly,	  the	  mRNA	  levels	  of	  EpoR	  in	  the	  ONL	  of	  control	  mice	  were	  markedly	  lower	  than	  the	  INL	  and	  GCL,	  thus	  suggesting	  for	  a	  low	  expression	  of	  EpoR	  in	  photoreceptors	  (Fig.	  50B).	  	  	  
	  
Figure	  50	  Expression	  of	  EpoR	  in	  retinal	  nuclear	  layers	  of	  EpoRflox/flox;Opn-­Cre	  mice.	  (A)	  Semi-­‐quantitative	  real-­‐time	  PCR	   after	   laser	   capture	   microdissection	   showing	   relative	   Gnat1	   (rod	   transducin,	   rods),	   Vsx2	   (Chx10)	   (visual	   system	  homeobox	  2,	  bipolar	  cells),	  and	  Pou4f1	  (Brn3a)	  (POU	  domain,	  class	  4,	  transcription	  factor	  1,	  RGCs),	  levels	  in	  the	  different	  retinal	  layers	  (as	  indicated)	  of	  EpoRflox/flox	  (white	  bars)	  and	  EpoRflox/flox;Opn-­Cre	  mice	  (red	  bars).	  Values	  were	  normalized	  to	  
Actb	  and	  expressed	  relatively	  to	  the	  value	  of	  EpoRflox/flox	  ONL,	  which	  was	  set	  to	  100%.	  (B,	  C)	  Semi-­‐quantitative	  real-­‐time	  PCR	   after	   laser	   capture	  microdissection	   showing	   relative	  EpoR	   (erythropoietin	   receptor)	  mRNA	   levels	   in	   the	   different	  retinal	  layers	  (as	  indicated)	  of	  EpoRflox/flox	  (white	  bars)	  and	  EpoRflox/flox;Opn-­Cre	  mice	  (red	  bars).	  Values	  were	  normalized	  to	  
Actb	  and	  expressed	  relatively	  to	  the	  value	  of	  EpoRflox/flox	  ONL,	  which	  was	  set	  to	  100%	  in	  (B)	  or	  respective	  to	  the	  value	  of	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EpoRflox/flox	  mice	  for	  each	  layer,	  which	  were	  set	  to	  100%	  in	  (C).	  Shown	  are	  mean	  values	  ±	  SD	  of	  at	   least	  2	  different	  mice	  amplified	   in	  duplicates.	  ONL,	  outer	  nuclear	   layer;	   INL,	   inner	  nuclear	   layer;	  GCL,	  ganglion	  cell	   layer.	  Differences	   in	  gene	  expression	   levels	   between	   knockdown	   and	   control	  mice	   at	   individual	   time	   points	  were	   tested	   for	   significance	   using	   a	  Students	  t-­‐test	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation)	  	  	   The	  successful	  knockdown	  of	  EpoR	   in	  the	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  prompted	  us	  to	  analyze	  the	  consequences	  of	  the	  lack	  of	  EPOR	  for	  development	  and	  maturation	  of	  the	  retina.	  The	  importance	   of	   EPO-­‐EPOR	   signalling	   in	   neural	   development	   has	   been	   revealed	   in	   recent	   years.	  Absence	   of	   EPOR	   has	   shown	   to	   result	   in	   increased	   apoptosis	   in	   the	   embryonic	   CNS	   (Yu	   et	   al.,	  2002).	   Hence,	   signs	   of	   developmental	   defects	   may	   be	   seen	   in	   the	   adult	   by	   analyzing	   tissue	  morphology.	  Conversely,	  the	  reduced	  expression	  of	  EpoR	  in	  the	  ONL	  suggests	  that	  the	  EPOR	  does	  not	  play	  significant	  roles	  in	  photoreceptor	  physiology	  and	  survival.	  Nevertheless,	  a	  possible	  role	  of	   EPOR	   in	   photoreceptors	   cannot	   be	   excluded	   based	   exclusively	   on	   the	   extent	   of	   EpoR	   gene	  expression.	   In	   fact,	   EPOR	   protein	   levels	   may	   be	   present	   at	   elevated	   levels	   in	   photoreceptors,	  despite	  low	  presence	  of	  EpoR	  transcripts	  in	  these	  cells.	  	  Despite	   successful	  knockdown	  of	  EpoR	   in	   the	  peripheral	   retina	  of	  EpoRflox/flox;α-­Cre	  mice,	  and	  a	  reduced	  EpoR	  expression	  in	  the	  ONL	  of	  EpoRflox/flox;Opn-­Cre	  mice,	  histological	  analysis	  of	  the	  retinal	   tissue	   by	   did	   not	   reveal	   signs	   of	   developmental	   defects.	   In	   fact,	   the	   lamination	   and	  integrity	  of	  the	  retina	  were	  comparable	  to	  wild-­‐type	  mice	  (Fig.	  51).	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Figure	   51	   Normal	   retinal	   morphology	   upon	   ablation	   of	   EpoR	   in	   rod	   photoreceptors	   or	   the	   peripheral	   retina.	  Retinal	  morphology	  of	  EpoRflox/flox;Opn-­Cre	  mice,	  EpoRflox/flox;α-­Cre	  mice	  and	  EpoRflox/flox	  mice	  at	  PND	  84,	  180,	  and	  360	  were	  analyzed.	   Shown	   are	   representative	   sections	   of	   the	   central	   retina	   (EpoRflox/flox;Opn-­Cre,	   and	   EpoRflox/flox)	   or	   peripheral	  retina	   (EpoRflox/flox;α-­Cre)	   of	   at	   least	   three	   animals	   per	   time	   point.	   Scale	   bar:	   50µm.	   (Figure:	   Caprara	   and	   Grimm,	  manuscript	  in	  preparation)	  	   Analysis	  of	  the	  expression	  of	  Rho,	  Gnat2,	  Vsx2	  (Chx10),	  and	  Pou4f1	  (Brn3a)	  suggested	  that	  the	  total	  amount	  of	  rods,	  cones,	  bipolar	  cells,	  and	  RGCs	  respectively,	  was	  not	  affected	  by	  ablation	  of	   EpoR	   (Fig.	   52).	   Furthermore,	   a	   long-­‐term	   analysis	   of	   retinal	   histology	   did	   also	   not	   show	  noticeable	  symptoms	  of	  retinal	  degeneration	  in	  1	  year-­‐old	  retina	  of	  EpoR	  knockdown	  mice	  (Fig.	  51).	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Figure	  52	  Absence	  of	  retinal	  degeneration	  upon	  ablation	  of	  EpoR	  in	  rod	  photoreceptors	  or	  the	  peripheral	  retina.	  Relative	   quantification	   by	   semi-­‐quantitative	   real-­‐time	   PCR	   of	   Rho	   (rhodopsin,	   rods),	   Gnat2	   (cone	   transducin,	   cones),	  
Pou4f1	   (Brn3a)	   (POU	   domain,	   class	   4,	   transcription	   factor	   1,	   RGCs),	   Vsx2	   (Chx10)	   (visual	   system	   homeobox	   2,	   bipolar	  cells),	  gene	  expression	  at	  7.5	  months	  of	   age	   in	   retinas	  of	  EpoRflox/flox;Opn-­Cre	   (red	  bars)	  (A),	   and	  EpoRflox/flox;α-­Cre	   (blue	  bars)	   (B)	  mice	   compared	   to	  EpoRflox/flox	   control	   littermates	   (white	   bars).	   cDNAs	  were	   prepared	   from	   total	   retinal	   RNA	  isolated	   at	   7.5	   months	   of	   age.	   Given	   are	   mean	   values	   ±	   SD	   of	   N	   =	   4	   retinas,	   amplified	   in	   duplicates.	   Values	   were	  normalized	  to	  Actb	  and	  expressed	  relatively	  to	  EpoRflox/flox	  control	  littermates,	  which	  was	  set	  to	  100%.	  Differences	  in	  gene	  expression	   levels	   between	   knockdown	   and	   control	  mice	   at	   individual	   time	   points	  were	   tested	   for	   significance	   using	   a	  Students	  t-­‐test	  	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation).	  	  	  
An	  additional	  confirmation	  for	  the	  absence	  of	  tangible	  consequences	  on	  retinal	  physiology	  resulting	  from	  the	  lack	  of	  EPOR	  comes	  from	  the	  analysis	  of	  retinal	  function	  by	  ERG.	  The	  retinas	  of	  knockdown	   mice	   were	   fully	   functional,	   and	   neither	   EpoRflox/flox;Opn-­Cre	   nor	   EpoRflox/flox;α-­Cre	  showed	  significant	  changes	  in	  their	  a-­‐	  and	  b-­‐wave	  amplitudes	  under	  both	  scotopic	  and	  photopic	  conditions	  when	  compared	  to	  wild-­‐type	  mice	  (Fig.	  53).	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Figure	  53	  	  ERG	  recordings	  in	  EpoRflox/flox;Opn-­Cre	  and	  EpoRflox/flox;α-­Cre	  mice	  are	  comparable	  to	  control	  littermates.	  Scotopic	   (A)	   and	   photopic	   (B)	   ERG	   recordings	   in	   EpoRflox/flox;Opn-­Cre	   (red	   line),	  EpoRflox/flox;α-­Cre	  mice	   (blue	   line)	   and	  
EpoRflox/flox	   control	   littermates	   (black	   line).	   Shown	   are	   a-­‐	   and	   b-­‐wave	   amplitudes	   under	   scotopic	   conditions	   (C)	   and	   b-­‐wave	  amplitudes	  under	  photopic	  conditions	  (D).	  Mean	  values	  ±	  SD	  of	  N	  =	  3	  animals	  per	  genotype	  are	  presented.	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation)	  	  
	   In	  conclusion,	  ablation	  of	  the	  EpoR	  genomic	  sequence	  was	  successful	  in	  both	  knockdown	  strains.	   However,	   only	  EpoRflox/flox;α-­Cre	   showed	   a	   significant	   reduction	   of	  EpoR	   expression,	   in	  particular	  of	  the	  sEpoR	   isoform.	  Knockdown	  in	  the	  ONL	  of	  EpoRflox/flox;Opn-­Cre	  mouse	  retina	  did	  not	   reach	   statistical	   significance	   but,	   most	   importantly,	   analysis	   of	   the	   expression	   of	   EpoR	  throughout	  the	  retina	  demonstrated	  that	  photoreceptors	  express	  low	  levels	  of	  EpoR	  compared	  to	  the	   inner	   retinal	   layers.	   Regardless	   of	   the	   reduction	   in	   EpoR	   expression	   in	   both	   knockdown	  strains,	  the	  development,	  function	  and	  survival	  of	  the	  retina	  were	  not	  disturbed.	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4.11 Intracellular	   Signalling	   and	   Gene	   Expression	   Upon	   EpoR	  
Knockdown	  
EPO-­‐EPOR	   downstream	   signalling	   results	   in	   the	   activation	   of	   numerous	   signal	  transduction	  pathways	  that	  may	  eventually	  modulate	  the	  expression	  of	  target	  genes	  involved	  in	  multiple	   biological	   processes,	   such	   as	   cell	   growth	   or	   apoptosis	   (Chateauvieux	   et	   al.,	   2011).	   In	  order	   to	   study	   the	   effects	   of	   EPO-­‐EPOR	   signalling	   in	   the	   retina,	   including	   changes	   in	   the	  expression	   of	   target	   genes,	   we	   exposed	   mice	   to	   hypoxia	   (7%	   O2,	   6	   Hrs).	   We	   isolated	   retinas	  immediately	   after	   the	   hypoxic	   exposure	   for	   analysis	   of	   gene	   and	   protein	   expression.	   Upon	  exposure	  of	  mice	  to	  hypoxia,	  Epo	  transcripts	  are	  increased	  in	  the	  retina	  (Grimm	  et	  al.,	  2006),	  and	  therefore	   EPO-­‐EPOR	   signalling	   is	   expected	   to	   be	   active	   at	   this	   time.	   The	   validity	   of	   the	  experimental	  procedure	  for	  the	  manipulation	  of	  oxygen	  tension	  was	  confirmed	  by	  the	  increased	  transcription	  of	  Adm,	  a	  gene	  that	  is	  upregulated	  in	  the	  hypoxic	  retina	  (Thiersch	  et	  al.,	  2008).	  As	  expected,	  transcription	  of	  Epo	  was	  increased	  immediately	  after	  hypoxia	  in	  the	  EpoRflox/flox;Opn-­Cre	  and	   EpoRflox/flox;α-­Cre	  mouse	   retinas.	  However,	   ablation	  of	  EpoR	   did	  not	   alter	   the	   expression	  of	  
Epo	   when	   compared	   to	   control	   mice	   (Fig.	   54).	   The	   absence	   of	   EpoR	   could	   have	   led	   to	   a	  compensatory	  upregulation	  of	  Csf2rb	  (βCR),	  the	  gene	  encoding	  for	  a	  co-­‐receptor	  interacting	  with	  EPOR	  (Jubinsky	  et	  al.,	  1997;	  Blake	  et	  al.,	  2002).	  Yet,	  retinal	  expression	  of	  Csf2rb	  (βCR)	  under	  both	  normoxic	  and	  hypoxic	  conditions	  was	  unaffected	  by	  EpoR	  knockdown	  (Fig.	  54).	  	  	  The	  absence	  of	  EPOR	  in	  specific	  retinal	  cell	  populations	  may	  result	  in	  biologically	  relevant	  changes	  in	  the	  expression	  of	  target	  genes.	  For	  this	  reason,	  we	  measured	  the	  mRNA	  levels	  of	  genes	  previously	  reported	  to	  be	  either	  induced	  or	  repressed	  by	  treatments	  with	  rhEPO.	  EPO	  may	  increase	  NO	  production	  by	  increasing	  the	  mRNA	  levels	  of	  Nos2	  (iNos)	  (Beleslin-­‐Cokic	  et	  al.,	  2011).	  The	  expression	  of	  Nos2	  (iNos)	  was	  significantly	  (p<0.05)	   increased	  3-­‐fold	   in	  the	  EpoRflox/flox;Opn-­Cre	  mouse	  retina	  under	  hypoxic	  conditions	  (Fig.	  54A).	  	  EPO	   has	   also	   been	   reported	   to	   induce	   the	   expression	   of	  metallothionein	   1	   (Mt1)	   and	   2	  
(Mt2)	  in	  vitro	  (Abdel-­‐Mageed	  et	  al.,	  2003)	  and	  in	  vivo	  (Wakida	  et	  al.,	  2007).	  Both	  Mt1	  and	  Mt2	  are	  highly	  expressed	  in	  hypoxia	  in	  the	  mouse	  retina	  (Thiersch	  et	  al.,	  2008).	  In	  both	  EpoR	  knockdown	  lines	  and	  control	  mice,	  mRNA	  levels	  of	  Mt1	  and	  Mt2	  were	  increased	  after	  the	  hypoxic	  exposure.	  Interestingly,	  ablation	  of	  EpoR	  in	  rod	  photoreceptors	  resulted	  in	  a	  significant	  (p<0.05)	  reduction	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of	  Mt2	   expression	   (approximately	   40%)	   under	   hypoxic	   conditions	   when	   compared	   to	   control	  littermates	  (Fig.	  54A).	  	  Many	  reports	  have	  pointed	  to	  the	  ability	  of	  EPO	  to	  increase	  VEGFA	  secretion	  in	  different	  experimental	   models	   (Westenbrink	   et	   al.,	   2010).	   In	   our	   hands,	   ablation	   of	   EpoR	   in	   rod	  photoreceptors	  resulted	   in	  a	  statistically	  significant	  (p<0.05)	  30%	  increase	  of	  Vegfa	   transcripts	  under	  hypoxia	  compared	  to	  control	  mice	  (Fig.	  54A).	  
	  
Figure	   54	   Expression	   of	   a	   selection	   of	   genes	   in	   retinas	   of	   EpoR	  knockdown	  mice.	   Relative	   quantification	   of	  Epo	  (erythropoietin),	  Csf2rb	  (βCR)	  (beta	  common	  receptor),	  Adm	  (adrenomedullin),	  Vegfa	  (vascular	  endothelial	  growth	  factor	  a),	  Nos2(iNos)	  (nitric	  oxide	  synthase	  2),	  Mt1	  (metallothionein	  1),	  and	  Mt2	  (metallothionein	  2)	  gene	  expression	  in	  retinas	  of	  EpoRflox/flox;Opn-­Cre	  (A,	  red	  bars),	  and	  EpoRflox/flox;α-­Cre	  mice	  (B,	  blue	  bars)	  compared	  to	  EpoRflox/flox	  control	  littermates	  (white	  bars)	  by	  semi-­‐quantitative	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	  from	  total	  retinal	  RNA	  isolated	  at	  12	  weeks	  of	  age.	  Animals	  were	  kept	  under	  normoxic	  or	  hypoxic	  (6	  Hrs,	  7%	  O2)	  conditions	  and	  retinas	  were	  isolated	  immediately	  after	  the	  experimental	  treatment.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  4	  retinas,	  amplified	  in	  duplicates.	  Values	  were	  normalized	  to	  
Actb	   and	   expressed	   relatively	   to	   EpoRflox/flox	   control	   littermates	   under	   normoxic	   conditions,	   which	   were	   set	   to	   100%.	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Differences	   in	   gene	   expression	   levels	   between	   knockdown	   and	   control	  mice	   at	   individual	   time	   points	  were	   tested	   for	  significance	  using	  a	  Students	  t-­‐test	  *:	  P	  <	  0.05	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation)	  	   The	   expression	   of	   many	   genes	   associated	   with	   the	   apoptotic	   pathway	   is	   influenced	   by	  treatments	  with	   rhEPO	   (Chateauvieux	   et	   al.,	   2011).	   B-­‐cell	   lymphoma	   2	   (Bcl2)	   and	   Bcl-­‐2-­‐like	   1	  
(Bcl2l1	  (BclXL))	  are	  two	  examples	  of	  anti-­‐apoptotic	  genes	  that	  are	  induced	  by	  rhEPO	  (Wen	  et	  al.,	  2002;	  Renzi	   et	   al.,	   2002).	  However,	   in	  both	  EpoR	   knockdown	  mouse	  models,	   the	  expression	  of	  
Bcl2	  and	  Bcl2l1	  (BclXL)	  was	  not	  affected	  upon	  normoxic	  or	  hypoxic	  exposure	  (Fig.	  55).	  	  Also,	   reduced	   expression	   of	   the	   pro-­‐apoptotic	   gene	  Casp1	  has	   been	  previously	   linked	   to	  the	  protective	  activity	  of	  EPO	  (Grimm	  et	  al.,	  2002).	  Unexpectedly,	  upon	  EpoR	  knockdown	  in	  the	  peripheral	   retina,	   Casp1	   expression	   was	   significantly	   (p<0.05)	   reduced	   (approximately	   40%)	  under	  hypoxic	  conditions	  (Fig.	  55B).	  	  Apoptotic	   protease	   activating-­‐factor	   1	   (Apaf1)	   encodes	   for	   a	   protein	   that	   acts	   as	   central	  initiator	   of	   the	   apoptotic	   cascade	   (Bratton	   and	   Salvesen,	   2010),	   and	   its	   expression	   has	   been	  previously	  reported	  to	  be	  influenced	  by	  treatments	  with	  rhEPO	  (Chong	  et	  al.,	  2003b;	  Shang	  et	  al.,	  2011b).	  Knockdown	  of	  EpoR	   in	   the	   retinal	  periphery	   caused	  a	  decrease	   in	  Apaf1	   expression	  of	  about	   50%	  under	   both	   normoxic	   and	   hypoxic	   conditions.	   However,	   the	   changes	   in	   expression	  were	  statistically	  significant	  (p<0.01)	  only	  under	  hypoxic	  conditions	  (and	  thus	  in	  the	  presence	  of	  increased	  Epo	  mRNA)	  when	  compared	  to	  control	  mice	  (Fig.	  55B).	  	  Beside	  the	  regulation	  of	  the	  expression	  of	  pro-­‐	  and	  anti-­‐apoptotic	  genes,	  treatments	  with	  rhEPO	  have	   shown	   to	   induce	   the	   transcription	  of	  neurotrophic	   factors,	   such	  as	  Bdnf	   (Hu	  et	   al.,	  2011).	  We	  expected	  a	   reduction	   in	  expression	  of	  Bdnf	   upon	  EpoR	   knockdown.	  However,	   in	   the	  retina	   of	  EpoRflox/flox;α-­Cre	  mice,	   hypoxia	   increased	  Bdnf	   transcript	   levels	   and	   this	   upregulation	  was	  significantly	  (p<0.01)	  higher	  than	  control	  littermates	  (roughly	  250%)	  (Fig.	  55B).	  	  CCAAT/enhancer-­‐binding	   protein	   delta	   (Cebp/d)	   is	   a	   gene	   encoding	   for	   a	   transcription	  factor	   regulating	   the	   expression	   of	   genes	   involved	   in	   inflammation	   (Valente	   et	   al.,	   2013),	   cell	  growth	   (Yu	   et	   al.,	   2010),	   and	   other	   cellular	   processes.	   As	   reported	   before	   (Min	   et	   al.,	   2011),	  exposure	   of	  mice	   to	   hypoxia	   increased	   expression	   of	  Cebp/d	   (Fig.	   55).	   Ablation	   of	  EpoR	   in	   the	  retinal	  periphery	  resulted	  in	  a	  statistically	  significant	  (p<0.05)	  30%	  increase	  in	  the	  expression	  of	  
Cebp/d	  under	  normoxic	  conditions,	  when	  compared	  to	  control	  littermates	  (Fig.	  55B).	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Figure	  55	  Expression	  of	  a	  selection	  of	  anti-­	  or	  pro-­apoptotic	  genes	  in	  retinas	  of	  EpoR	  knockdown	  mice.	  Relative	  quantification	   of	  Bcl2	   (B	   cell	   lymphoma	  2),	   Bcl2l1(BclXL)	   (Bcl2-­‐like	   1),	   Bdnf	   (brain-­‐derived	   neurotrophic	   factor),	   Apaf1	  (apoptotic	   protease	   activating	   factor	   1),	   Casp1	   (caspase	   1),	   and	   Cebp/d	   (CCAAT/enhancer-­‐binding	   protein	   delta)	  gene	  expression	  in	  retinas	  of	  EpoRflox/floxOpn-­Cre	  (A,	  red	  bars),	  and	  EpoRflox/flox;α-­Cre	  mice	  (B,	  blue	  bars)	  compared	  to	  EpoRflox/flox	  control	  littermates	  (white	  bars)	  by	  semi-­‐quantitative	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	  from	  total	  retinal	  RNA	  isolated	  at	  12	  weeks	  of	  age.	  Animals	  were	  kept	  under	  normoxic	  or	  hypoxic	  (6	  Hrs,	  7%	  O2)	  conditions	  and	  retinas	  were	  isolated	  immediately	   after	   the	   experimental	   treatment.	   Given	   are	  mean	   values	   ±	   SD	   of	   N	   =	   4	   retinas,	   amplified	   in	   duplicates.	  Values	  were	  normalized	   to	  Actb	   and	   expressed	   relatively	   to	  EpoRflox/flox	   control	   littermates	   under	  normoxic	   conditions,	  which	  was	  set	   to	  100%.	  Differences	   in	  gene	  expression	   levels	  between	  knockdown	  and	  control	  mice	  at	   individual	   time	  points	  were	  tested	  for	  significance	  using	  a	  Students	  t-­‐test	  *:	  P	  <	  0.05;	  **:	  P	  <	  0.01	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation)	  	  Exogenously	   applied	   rhEPO	   has	   demonstrated	   to	   provide	   beneficial	   effects	   in	   part	   by	  reducing	   the	   gliotic	   response,	   and	   thus	   the	   expression	   of	  Gfap	   (Hu	   et	   al.,	   2011).	  Unexpectedly,	  knockdown	  of	  EpoR	  (which	  should	  result	  in	  decreased	  EPOR	  signalling)	  in	  the	  peripheral	  retina	  led	  to	  significant	  (p<0.05)	  reduction	  of	  the	  expression	  of	  Gfap	  (about	  50%)	  in	  both	  normoxia	  and	  hypoxia	  (Fig	  56B).	  A	  retinal	  endogenous	  protective	  pathway,	   that	   includes	  protein	  expressed	  by	  genes	  such	  as	  Lif,	  Edn2	  and	  Fgf2,	  is	  activated	  upon	  inherited	  (Samardzija	  et	  al.,	  2012)	  or	  induced	  (Burgi	  et	  al.,	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2009)	   photoreceptor	   degeneration.	   Transcripts	   of	   Lif,	   Edn2,	   and	   Fgf2	   were	   increased	   in	  
EpoRflox/flox;Opn-­Cre	  mouse	  retinas	  in	  hypoxia,	  even	  though	  the	  changes	  in	  gene	  expression	  were	  not	  statistically	  significant	  (Fig	  56A).	  In	  contrast,	  EpoRflox/flox;α-­Cre	  mice	  showed	  a	  trend	  towards	  a	   reduced	   expression	   of	   Lif,	   Edn2,	   and	   Fgf2	   in	   the	   retina	   under	   both	   normoxic	   and	   hypoxic	  conditions.	   Here	   again,	   the	   changes	   of	   the	   mRNA	   levels	   were	   not	   statistically	   significant	   but	  involved	  all	   three	  members	  of	   this	  protective	  pathway	  (Fig.	  56B).	  Also,	  expression	  of	  Stat3	  has	  been	   reported	   to	   increase	   upon	   retinal	   degeneration	   (Joly	   et	   al.,	   2008).	   In	   the	   retina	   of	  
EpoRflox/flox;α-­Cre	  mice,	   the	   expression	   of	   Stat3	   was	   significantly	   reduced	   (p<0.05)	   by	   roughly	  20%	  under	  hypoxic	  conditions	  in	  comparison	  to	  control	  mice	  (Fig.	  56B).	  
	  
Figure	   56	   Expression	   of	   a	   selection	   of	   stress-­related	   genes	   in	   retinas	   of	   EpoR	   knockdown	   mice.	   Relative	  quantification	  of	  Gfap	  (glial	  fibrillary	  acidic	  protein),	  Lif	  (leukemia	  inhibitory	  factor),	  Edn2	  (endothelin	  2),	  Fgf2	  (fibroblast	  growth	   factor	   2),	   and	   Stat3	   (signal	   transducer	   and	   activator	   of	   transcription	   3)	   gene	   expression	   in	   retinas	   of	  
EpoRflox/floxOpn-­Cre	   (A,	   red	   bars),	   and	   EpoRflox/flox;α-­Cre	  mice	   (B,	   blue	   bars)	   compared	   to	   EpoRflox/flox	   control	   littermates	  (white	  bars)	  by	  semi-­‐quantitative	  real-­‐time	  PCR.	  cDNAs	  were	  prepared	  from	  total	  retinal	  RNA	  isolated	  at	  12	  weeks	  of	  age.	  Animals	  were	  kept	  under	  normoxic	  or	  hypoxic	  (6	  Hrs,	  7%	  O2)	  conditions	  and	  retinas	  were	  isolated	  immediately	  after	  the	  experimental	  treatment.	  Given	  are	  mean	  values	  ±	  SD	  of	  N	  =	  4	  retinas,	  amplified	  in	  duplicates.	  Values	  were	  normalized	  to	  
Actb	   and	   expressed	   relatively	   to	   EpoRflox/flox	   control	   littermates	   under	   normoxic	   conditions,	   which	   was	   set	   to	   100%.	  Differences	   in	   gene	   expression	   levels	   between	   knockdown	   and	   control	  mice	   at	   individual	   time	   points	  were	   tested	   for	  significance	  using	  a	  Students	  t-­‐test	  *:	  P	  <	  0.05	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation).	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   Stimulation	   of	   the	   EPOR	   in	   neurons	   leads	   to	   the	   activation	   of	   JAK2/STAT3	   and	   STAT5	  signalling	   (Kawakami	   et	   al.,	   2001;	   Kretz	   et	   al.,	   2005;	   Zhang	   et	   al.,	   2007;	   Sola	   et	   al.,	   2005),	  activation	  of	  the	  PI3K/AKT	  pathway	  (Siren	  et	  al.,	  2001a;	  Digicaylioglu	  et	  al.,	  2004),	  and	  increased	  phosphorylation	  of	  extracellular-­‐signal-­‐regulated	  kinases	  (ERK)1/2	  (Kilic	  et	  al.,	  2005a,	  b;	  Shen	  et	  al.,	   2010).	   In	   the	   EpoRflox/flox;Opn-­Cre	   mouse	   retina,	   we	   found	   unaltered	   expression	   and	  phosphorylation	  of	  AKT	  and	  ERK1/2,	  but	  a	  minor	  and	  statistically	  non-­‐significant	  increase	  in	  the	  phosphorylation	   of	   STAT3	   in	   hypoxia.	   Interestingly,	   in	   the	   hypoxic	   EpoRflox/flox;Opn-­Cre	   mouse	  retina,	  CASP1	  protein	  expression	  was	  significantly	  (p<0.05)	  reduced	  by	  about	  40%	  relatively	  to	  control	  littermates	  (Fig.	  57A).	  This	  reduction	  in	  CASP1	  protein	  levels	  was	  not	  measured	  for	  Casp1	  gene	   expression	   (Fig.55A).	   The	   expression	   of	   AKT	   was	   significantly	   (p<0.05)	   reduced	   by	  approximately	  40%	  in	   the	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  kept	   in	  hypoxia	  compared	  to	  control	  animals	   (Fig.	   57B).	   However,	   phosphorylation	   of	   AKT	   and	   ERK1/2	   was	   not	   affected	   by	   EpoR	  knockdown	  neither	  under	  hypoxia	  nor	  under	  normoxia	  (Fig.	  57).	  Also,	  expression	  of	  STAT3	  was	  not	   affected	   by	   ablation	   of	   EpoR	   in	   the	   peripheral	   retina	   (Fig.	   57B),	   even	   though	   a	   reduced	  expression	   of	   Stat3	   was	   found	   at	   the	   mRNA	   level	   in	   hypoxia	   (Fig.	   56B).	   There	   was	   a	   trend	  towards	  increased	  STAT3	  phosphorylation	  under	  hypoxic	  conditions	  in	  EpoRflox/flox;α-­Cre	  retinas,	  even	   though	   the	   changes	   were	   not	   statistically	   significant	   (Fig.	   57B).	   Interestingly,	   despite	  statistical	   significance	   was	   not	   reached,	   ablation	   of	   EpoR	   in	   the	   retinal	   periphery	   caused	   a	  reduction	   in	   GFAP	  protein	   levels	   (roughly	   50%)	   under	   both	   normoxia	   and	   hypoxia	   (Fig.	   57B),	  confirming	  the	  results	  obtained	  by	  gene	  expression	  analysis	  (Fig.	  56B).	  Moreover,	  expression	  of	  CASP1	  was	  slightly,	  but	  not	  significantly,	  reduced	  of	  25%	  in	  EpoRflox/flox;α-­Cre	  mouse	  retinas	  (Fig.	  57B),	  thus	  confirming	  the	  expression	  of	  Casp1	  mRNA	  (Fig.	  55B).	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Figure	  57	  	  Protein	  expression	  and	  activation	  of	  signalling	  pathways	  upon	  ablation	  of	  EpoR	  in	  rod	  photoreceptors	  
or	   in	  the	  peripheral	  retina.	  Western	  blot	  analysis	  of	   total	   retinal	  extracts	  at	  PND	  84	  of	  EpoRflox/flox;Opn-­Cre	  (red	  bars)	  
(A),	   and	  EpoRflox/flox;α-­Cre	   (blue	   bars)	   (B)	  mice	   compared	   to	  EpoRflox/flox	   control	   littermates	   (white	   bars).	   Animals	  were	  kept	  under	  normoxic	  or	  hypoxic	  (6	  Hrs,	  7%	  O2)	  conditions.	  Shown	  is	  relative	  quantification	  (mean	  value	  ±	  SD	  of	  N	  =	  3	  animals	  per	  conditions	  and	  genotype)	  of	  protein	  expression	  or	  phosphorylation	  levels	  of	  different	  proteins	  (as	  indicated,	  refer	  to	  main	  text	  for	  details)	  that	  were	  quantified	  using	  BioD1	  software	  (see	  Methods).	  Values	  were	  normalized	  to	  ACTB	  and	  are	  shown	  relative	  to	  normoxic	  EpoRflox/flox	  control	  littermates,	  which	  were	  set	  to	  100%.	  (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation)	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   In	  conclusion,	  analysis	  of	  gene	  and	  protein	  expression	  revealed	  an	  unexpected	  increase	  in	   the	   expression	   of	   Bdnf	   and	   a	   reduced	   expression	   of	   Apaf1,	   a	   well	   as	   Gfap	   transcripts	   and	  protein	   in	   the	   retina	   of	   hypoxic	  EpoRflox/flox;α-­Cre	  mice.	   Irrespectively	   of	   the	   low	   expression	   of	  
EpoR	   in	  photoreceptors,	  and	  the	  non-­‐statistically	  significant	  reduction	  of	  expression	  in	  the	  ONL	  of	  EpoRflox/flox;Opn-­Cre	  mice,	  Vegfa	  and	  Nos2(iNos)	   transcripts	  were	   increased	  while	  Mt2	  mRNA	  and	  CASP1	  protein	  were	  reduced	  in	  the	  retina	  of	  these	  mice.	  The	  expression	  of	  known	  targets	  of	  EPO-­‐EPOR	   signalling,	   such	   as	   Bcl2	   and	   Bcl2l1(BclXL),	   was	   not	   affect	   in	   the	   retina	   of	   EpoR	  knockdown	  mice.	  
	  
4.12 Ablation	  of	  EpoR	  in	  Rods	  or	  the	  Peripheral	  Retina	  Does	  not	  Affect	  
Retinal	  Angiogenesis	  
In	  the	  recent	  past,	  the	  contribution	  of	  the	  EPO/EPOR	  axis	  in	  developmental	  angiogenesis	  began	  to	  be	  elucidated	  (Noguchi	  et	  al.,	  2008).	  Absence	  of	  EPO-­‐EPOR	  signalling	  in	  early	  post-­‐natal	  days	  could	  impair	  retinal	  angiogenesis.	  Thus,	  we	  analyzed	  the	  retinal	  vasculature	  of	  EpoRflox/flox;α-­
Cre	  mice	  because	  knockdown	  of	  EpoR	  is	  expected	  to	  occur	  already	  during	  embryogenesis	  in	  these	  mice.	  Ablation	  of	  EpoR	  in	  the	  retinal	  periphery	  did	  not	  result	  in	  overt	  vascular	  abnormalities,	  as	  the	  retinal	  vasculature	  of	  EpoRflox/flox;α-­Cre	  was	  comparable	   to	  control	   littermates	   (Fig.	  58A).	   In	  addition,	   all	   three	   retinal	   capillary	   plexi	   did	   develop	   properly	   and	  were	   found	   at	   their	   correct	  location	  (Fig.	  58B).	  On	  the	  other	  hand,	  knockdown	  of	  EpoR	  in	  the	  retina	  of	  EpoRflox/flox;Opn-­Cre	  mice	  is	  efficient	  at	  around	  10	  weeks	  of	  age	  (Chapter	  4.1).	  Hence,	  ablation	  of	  EpoR	  in	  rod	  photoreceptors	  of	  these	  mice	   is	  not	  expected	   to	  have	  consequences	  on	  retinal	  angiogenesis,	  a	  process	  occurring	  during	  the	   first	   two-­‐three	   post-­‐natal	  weeks	   in	  mice	   (Fruttiger,	   2007).	   As	   expected,	   the	   pattern	   of	   the	  retinal	   vasculature	   (Fig.	   58A),	   and	   in	   particular	   the	   location	   of	   the	   retinal	   capillary	   plexi	   of	  
EpoRflox/flox;Opn-­Cre	  mice	  was	  comparable	  to	  control	  littermates	  (Fig.	  58B).	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Figure	   58	   Normal	   development	   of	   the	   retinal	   vasculature	   in	   EpoR	   knockdown	   mice.	   (A)	   Retinal	   flatmounts	   of	  
EpoRflox/flox;Opn-­Cre	  mice	  (center)	  at	  PND	  84,	  EpoRflox/flox;α-­‐Cre	  mice	  (right)	  at	  PND	  30,	  and	  EpoRflox/flox	  littermates	  (left)	  at	  PND	  84.	  Vessels	  were	  stained	  with	  isolectin	  IB4	  coupled	  to	  Alexa594	  (white).	  Shown	  are	  representative	  flatmounts	  for	  3	  animals	  per	  genotype.	  Scale	  bar:	  500	  µm.	  (B)	  Staining	  of	  blood	  vessels	  on	  retinal	  cryosections	  (isolectin	  IB4,	  coupled	  to	  Alexa594)	  in	  EpoRflox/flox;Opn-­Cre	  mice	  (center),	  EpoRflox/flox;α-­Cre	  mice	  (right),	  and	  EpoRflox/flox	  littermates	  (left)	  at	  PND	  84.	  Vessels	  were	  highlighted	  by	  artificial	  colouring	  (primary	  plexus	  (P):	  red;	  intermediate	  plexus	  (I):	  green;	  outer	  plexus	  (O):	  blue).	  Morphology	   of	   the	   retina	   can	   be	   recognized	   by	   staining	   of	   cell	   nuclei	   (DAPI,	   white).	   Scale	   bar:	   100µm	   (Figure:	  Caprara	  and	  Grimm,	  manuscript	  in	  preparation)	  
	   In	  order	  to	  determine	  eventual	  consequences	  of	  EpoR	  knockdown	  for	  the	  perfusion	  of	  the	  retinal	  vasculature	  and	  the	  stability	  of	   the	  BRB,	  we	  performed	  FL	  angiography	  with	  help	  of	   the	  Micron	  III	  ophthalmoscopy-­‐imaging	  device.	  By	  this	  method,	  the	  retinal	  vasculature	  of	  both	  EpoR	  knockdown	   lines	   showed	   a	   correct	   perfusion,	   as	   well	   as	   the	   absence	   of	   any	   sign	   of	   vascular	  leakage	  under	  normoxic	  conditions	  (Fig.	  59).	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Figure	  59	  Vascular	  perfusion	  of	  EpoR	  knockdown	  retinas.	  Retina	  fundus	  imaging	  (A)	  and	  fluorescein	  angiography	  (B)	  of	  EpoRflox/flox;Opn-­Cre	  mice	  (center),	  EpoRflox/flox;α-­‐Cre	  mice	  (right),	  and	  EpoRflox/flox	  littermates	  (left)	  at	  PND	  84	  performed	  by	  Micron	  III	  imaging.	  Shown	  are	  representative	  images	  for	  3	  animals	  per	  genotype.	  Representative	  images	  from	  A	  and	  B	  are	  not	  derived	  from	  the	  same	  animal.	  	  	  
4.13 EpoRflox/flox;Opn-­‐Cre	   Retinas	   Are	   Constitutively	   Protected	   Against	  
Light-­‐induced	  Photoreceptor	  Apoptosis	  
The	  neuroprotective	  activities	  of	  rhEPO	  against	  light-­‐induced	  photoreceptor	  degeneration	  have	  been	  proposed	  to	  rely	  on	  EPOR	  downstream	  signalling	  in	  photoreceptor	  cells	  (Grimm	  et	  al.,	  2002).	  To	   test	  whether	   the	   localization	  of	  EPOR	   in	   the	   cell	   surface	  of	   rods	   is	  necessary	   for	   the	  protective	   effects	   of	   rhEPO,	  we	   exposed	  EpoRflox/floxOpn-­Cre	  mice	   to	   toxic	   levels	   of	   light	   (17000	  lux,	  2	  Hrs).	  Knockdown	  mice	  and	  control	  littermates	  were	  injected	  intraperitoneally	  with	  rhEPO	  (5000	  IU/Kg)	  or	  PBS	  1	  hour	  prior	  to	   light	  exposure.	  Measurements	  of	  rhodposin	  concentration	  by	  spectrometry	  in	  the	  retina	  12	  days	  after	  the	  damaging	  insult	  were	  used	  to	  assess	  the	  extent	  of	  photoreceptor	   loss.	   If	   EPOR	   on	   the	   surface	   of	   rod	   photoreceptors	   would	   be	   necessary	   for	   the	  protective	  effects	  of	   rhEPO,	  one	  would	  expect	   an	   increased	   light	  damage	   in	  EpoRflox/flox;Opn-­Cre	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retinas,	   despite	   rhEPO	   applications.	   Surprisingly,	   and	   unexpectedly,	   this	   was	   not	   the	   case.	  Measurements	   of	   retinal	   rhodopsin	   showed	   that	   PBS-­‐injected	   control	   mice	   did	   loose	  photoreceptors	   following	   light	  damage,	  while	   rhEPO-­‐injected	  animals	  were	  partially	  protected,	  as	  reported	  earlier	  (Grimm	  et	  al.,	  2002).	  This	  confirms	  the	  validity	  of	  our	  experimental	  setup.	  On	  the	   other	   hand,	   EpoRflox/flox;Opn-­Cre	   mice	   did	   not	   show	   any	   loss	   of	   photoreceptor	   cells,	  irrespectively	   of	   the	   treatment	   prior	   to	   light	   exposure,	   thereby	   showing	   to	   be	   basically	  insensitive	   to	   light-­‐induced	   photoreceptor	   apoptosis.	   This	   was	   confirmed	   by	   the	   absence	   of	  photoreceptor	   degeneration	   in	  EpoRflox/flox;Opn-­Cre	  mice	   that	   did	  not	   receive	   any	   injection	   (Fig.	  60A).	  The	  reason	  for	  this	  observation	  is	  unclear	  and	  warrants	  further	  investigation.	  The	  same	  experimental	  setup	  was	  also	  applied	  to	  EpoRflox/flox;α-­Cre	  mice.	  However,	  in	  this	  case	   a	   high	   variability	   of	   the	   extent	   of	   photoreceptor	   apoptosis	  was	   noticed	   and	   no	   definitive	  conclusion	  could	  be	  drawn	  from	  these	  experiments	  (Fig.	  60B).	  
	  
Figure	  60	  	  Susceptibility	   of	  EpoR	  knockdown	  mouse	   retinas	   to	   light-­induced	   photoreceptor	   degeneration	   upon	  
rhEPO	  administration.	  Measurements	  of	  rhodopsin	  (RHO)	  levels	  in	  retinas	  of	  EpoRflox/flox;Opn-­Cre	  mice	  (red	  bars)	  at	  PND	  84	  (A),	  EpoRflox/flox;α-­‐Cre	  mice	  (blue	  bars)	  at	  PND	  49	  (B)	  and	  EpoRflox/flox	   littermates	  (white	  bars).	  Animals	  were	  exposed	  for	   2	   Hrs	   to	   17000	   lux	   of	   light	   (LIGHT)	   or	   kept	   in	   darkness	   (DARK).	   1	   Hr	   before	   light	   exposure,	   mice	   were	   injected	  intraperitoneally	   with	   5000	   IU/Kg	   of	   rhEPO	   (EPO)	   or	   50	   µL	   PBS	   (PBS).	   Retinas	   were	   collected	   12	   days	   after	   light	  exposure	  for	  rhodopsin	  measurements.	  To	  test	  for	  the	  effects	  of	  the	  injection	  procedure,	  animals	  were	  exposed	  to	  light	  without	   injection	   (UNINJECTED	   LIGHT).	   Shown	   are	   mean	   values	   ±	   SD	   of	   at	   least	   N	   =	   3	   animals	   per	   genotype	   and	  condition.	  *:	  p<0.05;	  **:	  p<0.01;	  ***:p<0.001.	  (Figure:	  Caprara	  and	  Grimm,	  unpublished)	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5 Discussion	  
5.1 CRE-­‐mediated	   Recombination	   in	  α-­‐Cre,	  Opn-­‐Cre,	   and	   Pdgfra-­‐Cre	  
Mice	  
In	   genetics	   research,	   Cre-­‐loxP	   recombination	   is	   a	   site-­‐specific	   recombinase	   technology	  mainly	  employed	  to	  carry	  out	  deletions	  of	  genomic	  sequences,	  i.e.	  gene	  knockout	  strategies.	  This	  methodology	   takes	   advantage	   of	   the	   ability	   of	   an	   enzyme,	   CRE	   recombinase,	   to	   catalyze	  recombination	  between	  specific	  DNA	  sequences	  called	  loxP	  sites	  (Sternberg	  and	  Hamilton,	  1981).	  This	   technology	   allows	   to	   specifically	   deleting	   DNA	   sequences	   only	   in	   cells	   expressing	   Cre	  recombinase,	  whose	  expression	  is	  spatially	  and	  timely	  regulated	  by	  an	  inducible	  or	  constitutive	  promoter	   of	   choice,	   resulting	   in	   the	   so-­‐called	   “conditional	   knockout”	   technology	   (Utomo	   et	   al.,	  1999).	  The	  conditional	  knockout	  technology	  allows	  both	  to	  investigate	  the	  roles	  of	  specific	  genes	  that	  would	  result	   in	  an	  embryonic	   lethal	  phenotype	   if	  ablated	  systemically,	  as	  well	  as	   to	  define	  gene	  function	  in	  specific	  cell	  types	  by	  ablation	  of	  the	  gene	  of	  interest	  at	  the	  time	  and	  in	  the	  cell	  population	   of	   choice.	   Nevertheless,	   the	   pattern	   and	   timeframe	   of	   Cre	   expression	   need	   to	   be	  evaluated	   in	   order	   to	   obtain	   the	   highest	   advantage	   from	   this	   genetic	   technology.	  Cre	   reporter	  strains	  have	  been	  developed	  to	  meet	  these	  needs.	  These	  allow	  the	  investigator	  to	  assess	  the	  time	  and	  location	  of	  CRE-­‐mediated	  recombination	  of	  an	  individual	  Cre	   line.	  In	  this	  thesis,	  I	  employed	  different	   Cre	   mouse	   lines	   to	   ablate	   Hif1a	   and/or	   EpoR	   in	   different	   retinal	   cell	   populations.	  However,	   it	   is	   necessary	   to	   deeply	   investigate	   the	   expression	   pattern	   of	   Cre	   in	   each	   of	   these	  strains,	  in	  order	  to	  validate	  the	  specificity	  of	  the	  knockout	  strategy.	  In	   the	  α-­Cre	   transgenic	  mouse	   line,	  expression	  of	  Cre	   is	  driven	  by	   the	  Pax6	  P0	  promoter	  and	   the	   peripheral	   retina	   enhancer	   known	   as	   α-­‐element	   (Marquardt	   et	   al.,	   2001). PAX6	   is	   a	  highly	  conserved	  transcription	  factor	  necessary	  for	  ocular	  development	  (Ton	  et	  al.,	  1991;	  Hill	  et	  al.,	   1991)	   and	   for	   the	   proliferation	   and	  differentiation	   of	   retinal	   progenitors	   (Marquardt	   et	   al.,	  2001).	  The	  expression	  of	  Cre	   in	   the	  α-­Cre	  mouse	  has	  been	  previously	   reported	   to	   start	  around	  E10.5	   (Marquardt	   et	   al.,	   2001).	   As	   reported	   by	  Marquardt	   et	   al,	   CRE-­‐mediated	   recombination	  occurs	   in	   a	   large	   and	  heterogeneous	   cell	   population	  of	   the	  peripheral	   retina	   (Marquardt	   et	   al.,	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2001).	  We	   confirmed	   these	   findings	   in	  Ai6;α-­Cre	  mice	   and	   by	   analyzing	   the	   spatial	   expression	  pattern	   of	   ZSGREEN	   which	   reflected	   Cre	   expression	   (Madisen	   et	   al.,	   2010).	   Expression	   and	  activity	  of	  CRE	  was	  detectable	  in	  a	  large	  cell	  population	  of	  the	  retinal	  periphery,	  and	  was	  limited	  to	  a	  subset	  of	  amacrine	  and	  presumably	  RGCs	  in	  the	  central	  retina.	  In	  addition,	  CRE	  activity	  was	  absent	   in	   the	  dorsal	   retina	   (Fig.	  19)(Marquardt	  et	   al.,	   2001).	  These	   results	   collectively	   confirm	  the	  endogenous	  expression	  pattern	  of	  Pax6	  during	  retinal	  development	  (Ziman	  et	  al.,	  2003;	  Reza	  et	  al.,	  2007).	  Co-­‐localization	  analysis	  revealed	  that	  cells	  in	  the	  retinal	  periphery	  that	  express	  Cre	  are	   photoreceptors,	   Müller	   glia,	   and	   subsets	   of	   amacrine,	   horizontal	   and	  most	   probably	   RGCs	  (Fig.	   20).	   Expression	  of	  Cre	   recombinase	  was	   also	  previously	   reported	   in	   amacrine	   cells	   in	   the	  mature	   retina	   of	   the	   α-­Cre	  mouse	   line	   (Marquardt	   et	   al.,	   2001;	   Duquette	   et	   al.,	   2010).	   Even	  though	  a	   clear	   co-­‐localization	  of	  ZSGREEN	  and	   the	  ganglion-­‐cell	  marker	  POU4F1	   (BRN3A)	  was	  not	  found,	  the	  different	  localization	  of	  the	  two	  proteins	  -­‐	  ZSGREEN	  in	  the	  cytoplasm	  and	  POU4F1	  (BRN3A)	  in	  the	  nucleus	  –	  could	  explain	  the	  lack	  of	  co-­‐localization	  (Fig.	  21).	  A	  confirmation	  that	  RGCs	   express	   Cre	   recombinase	   comes	   from	   the	   analysis	   performed	   by	   Nakamura-­‐Ishitzu	   and	  colleagues	   by	   immunohistochemistry,	   which	   identified	   PAX6+	   RPCs	   and	   neurofilament	   (NF)+	  ganglion	   cells	   as	  Cre-­‐expressing	   cells	   in	   the α-­Cre	  mouse	   (Nakamura-­‐Ishizu	   et	   al.,	   2012).	   Also,	  Badea	  and	  co-­‐workers	  described	  the	  expression	  of	  Cre	  in	  a	  subset	  of	  RGCs	  (Badea	  et	  al.,	  2012).	  I	  was	   not	   able	   to	   detect	   expression	   of	   ZSGREEN	   in	   astrocytes	   of	   the	   Ai6;α-­Cre	   retina	   by	  immunohistochemical	   analysis	   with	   anti-­‐GFAP	   antibody	   (Fig.	   20).	   This	   was	   reported	   also	   by	  Nakamura-­‐Ishizu	  et	  al,	  that	  performed	  flatmount	  immunohistochemistry	  and	  FACS	  analysis	  and	  excluded	  the	  expression	  of	  Cre	   in	  astrocytes	  and	  vascular	  endothelial	  cells	  (Nakamura-­‐Ishizu	  et	  al.,	   2012).	   Expression	   of	   Cre	   was	   also	   absent	   from	   the	   RPE	   (Fig.	   20),	   as	   previously	   described	  (Marquardt	  et	  al.,	  2001).	  Taken	  together,	  these	  observations	  underline	  the	  heterogeneity	  of	  the	  retinal	  cell	  types	  that	  express	  Cre	  in	  the	  α-­Cre	  mouse.	  This	  can	  be	  of	  great	  advantage	  when	  aiming	  to	   ablate	   a	   gene	   in	   most	   cell	   types	   of	   a	   tissue,	   but	   can	   become	   problematic	   in	   the	   view	   of	  specificity,	   i.e.	  when	  the	  absence	  of	  a	  particular	  gene	  needs	   to	  be	  connected	   to	  a	  particular	  cell	  type.	  Nevertheless,	  the	  α-­Cre	  mouse	  has	  the	  advantage	  to	  provide	  a	  knockdown	  accompanied	  by	  an	  internal	  negative	  control,	  i.e.	  the	  central	  retina	  where	  Cre	  is	  not	  expressed.	  Roesch	   et	   al	   reported	   that	   expression	   of	  Cre	   recombinase	   in	   the	  Pdgfra-­Cre	   mouse	  was	  restricted	   to	   the	   Müller	   glia	   population.	   Nevertheless,	   the	   authors	   also	   suggested	   that	   CRE	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activity	  might	   be	   present	   in	   the	   ONL	   and	   GCL	   (Roesch	   et	   al.,	   2008).	   Analysis	   of	   ZSGREEN	   co-­‐localization	   with	   different	   retinal	   cell	   markers	   on	   retinal	   cryosections	   of	   Ai6;Pdgfra-­Cre	   mice	  revealed	  a	   clear	   co-­‐localization	  of	  both	  GLUL	   (GS)	   and	  GFAP	  with	  ZSGREEN.	  This	   supports	   the	  previous	   findings	   of	   the	   expression	   of	   Cre	   recombinase	   in	   Müller	   cells,	   but	   also	   suggests	   that	  astrocytes	  are	  Cre-­‐expressing	  cells	  (Fig.	  23).	  A	  weak	  co-­‐localization	  of	  CALB1	  and	  ZSGREEN	  was	  detected	  in	  the	  OPL.	  This	  hints	  that	  also	  horizontal	  cells	  express	  Cre	  recombinase	  in	  the	  Pdgfra-­
Cre	  mouse	  (Fig.	  23).	  In	  addition,	  CRE	  activity	  was	  also	  observed	  in	  the	  sclera	  and	  choroid,	  as	  well	  as	  extraocular	   tissues	  (e.g.	   skin,	  data	  not	  shown).	  Altogether,	   these	  results	  point	   to	  an	  elevated	  percentage	   of	  Müller	   cells	   expressing	   Cre	   in	   the	  Pdgfra-­Cre	   mouse.	   Yet,	   CRE	   activity	  might	   be	  present	  also	   in	  astrocytes	  and	  horizontal	  cells,	   thus	  significantly	  reducing	  the	  specificity	  of	   this	  Müller	  cell	  Cre	  strain.	  Furthermore,	  the	  expression	  of	  Cre	  in	  extraocular	  tissues	  of	  the	  Pdgfra-­Cre	  mouse	  points	  to	  potentially	  problematic	  side	  effects.	  In	  fact,	  the	  undesired	  knockout	  of	  a	  gene	  of	  interest	   in	   extraocular	   tissues	  may	   cause	   systemic	   effects,	   or	  may	   even	   lead	   to	   developmental	  defects,	   lethality,	   or	   other	   severe	   problems.	   For	   further	   use,	   this	   strain	   would	   need	   thorough	  characterization	  to	  identify	  as	  many	  extraocular	  expression	  sites	  as	  possible.	  Expression	   of	   Cre	   recombinase	   in	   rod	   photoreceptors	   of	   the	   Opn-­Cre	   mouse	   was	  previously	   analyzed	   by	   immunohistochemistry	   for	   CRE,	   and	   by	   the	   analysis	   of	   a	   lacZ	   reporter	  mouse.	  The	  authors	  reported	  that	  the	  onset	  of	  Cre	  expression	  was	  at	  approximately	  PND	  7	  and	  expression	   increased	  up	   to	  6	  weeks	  of	   age.	   Furthermore,	   cone	  photoreceptors	  did	  not	   express	  
Cre	  (Le	  et	  al.,	  2006).	  I	  analyzed	  the	  specificity	  of	  Cre	  expression	  in	  the	  Opn-­Cre	  mouse	  by	  breeding	  it	  to	  the	  ROSA-­flox-­RFP	  reporter	  mouse,	  and	  detected	  distribution	  of	  RFP	  in	  rod	  photoreceptors	  in	  10-­‐week	   old	  ROSA-­flox-­RFP;Opn-­Cre	  mice.	   CRE-­‐mediated	   recombination	  was	   found	   in	   a	   patchy	  pattern	   in	   roughly	   40%	  of	   the	   total	   rod	   photoreceptor	   population	   (Fig.	   24).	   In	   conclusion,	   the	  
Opn-­Cre	   mouse	   has	   certainly	   the	   advantage	   to	   provide	   a	   rod-­‐specific	   conditional	   knockout	  strategy.	   However,	   based	   on	   our	   observation,	   efficient	   knockdown	   is	   reached	   only	   after	  approximately	  10-­‐weeks	  of	  age	  (data	  not	  shown),	  and	  does	  not	  occur	  in	  the	  whole	  population	  of	  rod	  photoreceptors.	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5.2 	  Transcription	  of	  Hif	  Genes	  May	  Be	  Regulated	  by	  Hypoxia	  
To	  gain	  first	  hints	  on	  the	  roles	  of	  HIF	   isoforms	  in	  the	  retina,	   I	  analyzed	  the	  transcription	  pattern	  of	  Hif1a,	  Epas1	  (Hif2a),	  Hif3a,	  and	  Hif1b	  in	  the	  juvenile	  and	  adult	  retina.	  In	  recent	  years,	  increasing	  evidence	  pointed	  to	  the	  importance	  of	  the	  transcriptional	  regulation	  of	  Hifa	  subunits	  for	   the	   hypoxic	   response,	   besides	   the	   oxygen-­‐dependent	   protein	   stabilization.	   Transcription	   of	  both	  Hif1a	  and	  Epas1	  (Hif2a)	  in	  the	  post-­‐natal	  retina	  have	  very	  similar	  kinetics,	  with	  low	  mRNA	  level	   detected	   up	   to	   PND	   10,	   when	   the	   expression	   of	   both	   genes	   strongly	   increased	   and	   was	  maintained	  over	  adulthood	  (Fig.	  25).	  This	  increase	  is	  in	  partial	  concomitance	  with	  the	  period	  of	  developmental	  hypoxia	  of	  the	  mouse	  retina	  (Chapter	  1.3.4),	  and	  suggests	  that	  expression	  of	  these	  genes	  may	   be	   induced	   by	   reduced	   oxygen	   tension.	   Shortly	   after	   the	   discovery	   of	  Hif1a,	   it	  was	  proposed	   that	   transcription	   of	   this	   gene	   might	   not	   be	   regulated	   by	   hypoxia	   in	   vivo,	   as	   was	  previously	   observed	   in	   cultured	   cell	   lines	   (Wang	   and	   Semenza,	   1993).	   However,	   additional	  experiments	   performed	   in	   vivo	   with	   the	   exposure	   of	   animals	   to	   intermittent	   hypoxia	  demonstrated	   that	   increased	   expression	   of	   Hif1a	   mRNA	   could	   be	   measured	   under	   these	  conditions	   (Semenza,	   2000;	   Lam	   et	   al.,	   2008).	   Hence,	   the	   regulation	   of	  Hif1a	   gene	   expression	  under	  hypoxic	  conditions	   is	  still	  under	  debate,	  but	   it	  appears	  that	   intermittent	  hypoxia	   is	  more	  prone	   to	   induce	   transcription	  of	  Hif1a	   compared	   to	  a	   single	  hypoxic	   exposure.	  Belaiba	  and	   co-­‐workers	  investigated	  the	  regulation	  of	  Hif1a	  transcription	   in	  response	  to	  hypoxia	  in	  pulmonary	  artery	  smooth	  muscle	  cells,	  and	  concluded	  that	  hypoxia	  induces	  Hif1a	  mRNA	  expression	  via	  the	  PI3K/AKT	  pathway	  and	  nuclear	  translocation	  of	  nuclear	  factor	  κB	  (NFκB)	  (Belaiba	  et	  al.,	  2007).	  These	   data	   support	   the	   hypothesis	   that	   in	   the	   retina	   Hif1a	   and	   possibly	   Epas1	   (Hif2a)	  transcription	   are	   upregulated	   by	   developmental	   hypoxia.	   However,	   increased	   transcription	   of	  
Hi1a	  and	  Epas1	  (Hif2a)	  was	  sustained	  throughout	  adulthood,	  i.e.	  a	  time-­‐point	  when	  the	  hypoxic	  insult	   is	   relieved	  by	  angiogenesis.	  This	   suggests	   that	  hypoxia	  may	  be	   the	   initiator	  of	  Hif1a	   and	  
Epas1	  (Hif2a)	  transcriptional	  upregulation,	  but	  other	  mechanisms	  have	  to	  be	  in	  place	  to	  sustain	  the	   increased	   transcription.	   One	   of	   these	   mechanisms	   may	   involve	   oxidative	   stress.	   Recent	  advances	  in	  the	  field	  have	  demonstrated	  that	  Hif1a	  gene	  expression	  is	  controlled	  by	  NFκB	  though	  NFκB	  binding	  sites	  on	  the	  Hif1a	  promoter	  (Rius	  et	  al.,	  2008;	  Bonello	  et	  al.,	  2007).	  In	  particular,	  in	  the	   absence	   of	   NFκB,	   transcription	   of	   the	   Hif1a	   gene	   does	   not	   occur	   (van	   Uden	   et	   al.,	   2008;	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Kenneth	  et	  al.,	  2009). In	  a	  study	  performed	  by	  Bonello	  et	  al,	  ROS	  were	  demonstrated	  to	  induce	  
Hif1a	   transcription	   via	   NFκB	   (Bonello	   et	   al.,	   2007).	   The	   increase	   in	   oxidative	   phosphorylation	  following	  the	  onset	  of	  retinal	  activity	  (Graymore,	  1959)	  may	  result	   in	  a	  drastic	   increase	  of	  ROS	  production.	  ROS	  generated	  by	  NADPH	  oxidase,	  and	  the	  ensuing	  changes	  in	  intracellular	  Ca2+	  are	  triggering	   HIF1A	   accumulation	   by	   both	   increased	   transcription	   and	   protein	   stability	   in	  conditions	   of	   intermittent	   hypoxia	   (Yuan	   et	   al.,	   2008).	   Intriguingly,	   the	   end	   stage	   of	   retinal	  neuronal	  differentiation	  and	  the	  onset	  of	  retinal	  function	  timely	  match	  the	  increase	  in	  expression	  of	  Hif1a	  and	  Epas1	  (Hif2a).	  Thus,	  increased	  oxidative	  stress	  could	  be	  the	  inducer	  of	  transcription	  of	  Hifa	   isoforms	  via	  NFκB,	  and	  may	  as	  well	  maintain	  high	  expression	   levels	  through	  adulthood.	  Nevertheless	  this	  conclusion	  is	  highly	  speculative	  and	  additional	  experiments	  are	  needed	  to	  test	  this	  hypothesis.	  	  The	   expression	   profile	   of	  Hif1b	   in	   the	   post-­‐natal	   retina	   showed	   very	   similar	   kinetics	   as	  
Hif1a	  and	  Epas1	  (Hif2a)	  (Fig.	  25).	  Hif1b	  is	  constitutively	  expressed	  and	  the	  regulation	  of	  its	  gene	  and	   protein	   expression	   has	   long	   been	   considered	   to	   be	   oxygen-­‐independent	   (Zagórska	   and	  Dulak,	   2004).	   In	   spite	   of	   this,	   evidence	   shows	   that	   in	   a	   limited	   number	   of	   cell	   types,	   Hif1b	  transcription	   and	   protein	   levels	   are	   increased	   in	   a	   HIF1A-­‐dependent	   manner	   when	   cells	   are	  exposed	   to	   low	   oxygen	   tension	   or	   treated	   with	   the	   hypoxia-­‐mimetic	   cobalt	   chloride	   (CoCl2)	  (Chilov	   et	   al.,	   1999b;	  Wang	   et	   al.,	   1995b;	  Mandl	   et	   al.,	   2013).	   Similarly	   as	   for	  Hif1a,	   also	  Hif1b	  gene	   expression	   is	   regulated	   by	   binding	   of	   NFκB	   to	   its	  promoter,	   in	   particular	  when	   cells	   are	  stimulated	  by	  cytokines	  such	  as	  TNFA	  (van	  Uden	  et	  al.,	  2011).	  In	  conclusion,	  Hif1b	  transcription	  in	   the	   post-­‐natal	   retina	   might	   be	   increased	   by	   similar	   mechanisms	   regulating	   Hifa	   gene	  expression,	  i.e.	  hypoxia	  and	  /	  or	  NFκB	  nuclear	  translocation.	  In	  the	  recent	  past,	  different	  Hif3a	  splice	  variants	  were	  shown	  to	  negatively	  regulate	  HIF-­‐induced	  gene	  expression,	  a	  mechanism	  which	  may	  involve	  a	  negative	  dominant	  effect	  of	  HIF3A	  by	  competition	   for	  binding	   to	  HIFB	   (Makino	  et	  al.,	   2001;	  Heikkilä	  et	   al.,	   2011).	  The	   function	  of	  HIF3A	   splice	   variants	   seems	   to	   include	   the	   inhibition	   of	   HIF-­‐induced	   VEGFA	   expression,	  eventually	   suppressing	   angiogenesis	   (Jang	   et	   al.,	   2005;	   Ando	   et	   al.,	   2013).	   Interestingly,	  Hif3a	  mRNA	   expression	   is	   induced	   by	   hypoxia	   in	   a	   HIF1-­‐dependent	   manner	   (Augstein	   et	   al.,	   2011;	  Pasanen	  et	  al.,	  2010),	  and	  this	  notion	  may	  explain	  the	  increased	  expression	  of	  this	  gene	  at	  PND	  10	  in	  the	  mouse	  retina	  (Fig.	  25).	  At	  this	  post-­‐natal	  age,	  HIF1A	  protein	  levels	  are	  elevated	  in	  the	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mouse	  retina	  (Fig.	  16)	  (Grimm	  et	  al.,	  2005).	  Hence,	  the	  decrease	  in	  expression	  of	  Hif3a	  starting	  at	  PND	  15	  may	   be	   linked	   to	   the	   concomitant	   decrease	   of	  HIF1A	  protein	   levels	   that	   are	   observed	  after	  the	  retinal	  vasculature	  has	  completely	  developed	  (Ozaki	  et	  al.,	  1999).	  Thus,	  it	  is	  tempting	  to	  hypothesize	   a	  possible	   involvement	  of	  Hif3a	   isoforms	   in	   the	   regulation	  of	   retinal	   angiogenesis,	  for	  example	  as	  terminator	  of	  HIF-­‐induced	  expression	  of	  pro-­‐angiogenic	  genes,	  such	  as	  Vegfa.	  To	  test	   this	   hypothesis,	   the	   exact	   expression	   profile	   of	   different	   Hif3a	   splice	   variants	   should	   be	  investigated,	  as	  well	  as	  the	  retinal	  vascular	  phenotype	  of	  Hif3a-­‐null	  mice.	  
	  
5.3 HIF1A	   is	   Essential	   for	   the	   Development	   of	   the	   Retinal	   Vascular	  
Intermediate	  Plexus	  
In	  rodents,	  during	  the	  first	  two	  weeks	  after	  birth,	  the	  retina	  has	  to	  face	  a	  chronic	  period	  of	  physiological	   hypoxia	   that	   ensues	   as	   neuronal	   differentiation	   terminates	   and	   retinal	   function	  starts	  (Chapter	  1.3.4).	  At	  this	  time,	  the	  embryonic	  hyaloid	  vasculature	  is	  inadequate	  in	  delivering	  a	  sufficient	  amount	  of	  metabolites	  and	  oxygen	  to	  the	  retina,	  and	  the	  presence	  of	  hyaloid	  vessels	  in	   the	   vitreous	   is	   an	   obstacle	   for	   light	   penetrating	   the	   eye.	   For	   these	   reasons,	   hyaloid	   vessels	  progressively	  regress	  and	  are	  replaced	  by	  the	  retinal	  vasculature,	  which	  develops	  during	  the	  first	  three	  post-­‐natal	  weeks	  in	  mice	  and	  rats.	  This	  angiogenic	  process	  is	  tightly	  linked	  to	  the	  hypoxia-­‐controlled	  gene	  expression,	   leading	   to	   the	  production	  of	  proteins	   that	  drive	   the	  growth	  of	  new	  blood	   vessels	   into	   the	   retina	   ((Fruttiger,	   2007),	   Chapter	   1.3.5).	   The	   transcription	   factor	  HIF1A	  plays	   a	   central	   role	   in	   both	   the	   cellular	   adaptation	   to	   hypoxia	   and	   angiogenesis	   (Chapter	   1.4).	  Hence,	   lack	   of	   HIF1A	   during	   the	   aforementioned	   period	   of	   hypoxia	   might	   impair	   retinal	   cell	  survival	  and	  vascularisation	  of	  the	  retina.	  To	  test	  this	  hypothesis,	  we	  generated	  mice	  deficient	  of	  
Hif1a	   in	   a	   heterogeneous	   population	   of	   neurons	   and	   glia	   of	   the	   peripheral	   retina,	   including	  photoreceptors,	  Müller	   cells,	   and	   a	   subset	   of	   horizontal,	   amacrine	   and	   ganglion	   cells.	   This	  was	  accomplished	  by	  generating	  Hif1aflox/flox;α-­Cre	  mice,	  which	  are	  expected	  to	  lead	  to	  the	  ablation	  of	  
Hif1a	   embryonically	   (Marquardt	   et	   al.,	   2001),	   and	   in	   our	   hands	   show	   a	   reduced	   expression	   of	  
Hif1a	   in	   the	   post-­‐natal	   retina	   (Fig.	   26).	   In	  Hif1a	   knockdown	  mice,	   a	   reduced	   amount	   of	  HIF1A	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protein	  was	  detected	  at	  PND	  10,	  thus	  validating	  the	  knockdown	  strategy	  (Fig.	  26).	  	  As	  we	  expected,	  the	  post-­‐natal	  angiogenic	  process	  was	  impaired	  in	  Hif1aflox/flox;α-­Cre	  mice.	  The	   development	   of	   the	   intermediate	   capillary	   plexus	   was	   significantly	   affected	   in	   the	   retinal	  periphery	   in	   the	   absence	   of	   HIF1A,	   resulting	   in	   a	   reduction	   of	   75%	   of	   vessel	   coverage	   when	  compared	  to	  control	  littermates	  (Fig.	  34).	  However,	  the	  vascular	  coverage	  of	  the	  primary	  plexus	  and	  of	   the	  outer	  plexus	  was	  comparable	  between	  Hif1a	  knockdown	  retinas	  and	  controls.	   Since	  the	   intermediate	   plexus	   is	   the	   last	   capillary	   plexus	   that	   is	   established	   in	   the	  mouse	   retina,	  we	  conclude	  that	  the	  angiogenic	  process	  in	  Hif1a	  knockdown	  retina	  is	  not	  complete.	  The	  significance	  of	   this	   remark	  needs	   to	   be	   established,	   but	  may	  nevertheless	   suggest	   that	   different	   regulatory	  mechanisms	  are	  present	  for	  the	  formation	  of	  each	  vascular	  plexus.	  Despite	  the	  reduced	  vascular	  coverage,	   vessels	   from	   the	   primary	   plexus	  were	   interconnected	   to	   the	   capillaries	   of	   the	   outer	  plexus	  and	  the	  vascular	  system	  was	  fully	  functional,	  without	  any	  sign	  of	  leakage,	  as	  demonstrated	  
in	   vivo	   by	   FL	   angiographic	   analysis	   (Fig.	   35).	   Nevertheless,	   by	   this	   method,	   the	   presence	   of	  vascular	   lesions	   was	   revealed.	   Hence,	   it	   would	   be	   of	   particular	   interest	   to	   analyze	   the	   retinal	  vasculature	   of	   older	   Hif1a	   knockdown	   mice	   to	   assess	   whether	   the	   presence	   of	   these	   lesions	  accumulates	  over	  time.	  Even	   though	   we	   did	   not	   find	   major	   alterations	   in	   the	   growth	   of	   the	   primary	   vascular	  plexus,	   Nakamura-­‐Ishizu	   and	   co-­‐workers	   analyzed	   in	   detail	   the	   development	   of	   this	   vascular	  plexus	  in	  the	  retina	  of	  Hif1aflox/flox;a-­Cre	  mice.	  In	  particular,	  the	  authors	  showed	  that	  development	  of	   the	   primary	   plexus	   was	   also	   slightly	   impaired	   and	   was	   characterized	   by	   decreased	   tip	   cell	  filopodia	   and	   a	   reduction	   in	   vessel	   branching,	   as	   a	   result	   of	   a	   hypoplastic	   astrocyte	   network.	  These	   alterations	   in	   the	   astrocyte	   network	   were	   a	   result	   of	   the	   downregulation	   of	   platelet-­‐derived	  growth	   factor	  A	   (PDGFA),	  a	  mitogen	   for	  astrocytes	   that	   is	   secreted	  by	   the	  neuroretina,	  presumably	   by	   RPCs	   (Nakamura-­‐Ishizu	   et	   al.,	   2012).	   Also,	   other	   studies	   investigated	   the	  contribution	   of	   astrocytes	   and	   neurons	   in	   the	   establishment	   of	   the	   primary	   plexus.	   Astrocyte-­‐specific	   knockdowns	   of	   Vegfa,	   Hif1a	   or	   Epas1	   (Hif2a)	   did	   not	   influence	   the	   physiological	  development	   of	   the	   retinal	   vasculature	   (Weidemann	   et	   al.,	   2010).	   However,	   a	   conditional	  knockdown	  of	  Vhl	  in	  astrocytes	  caused	  a	  normoxic	  stabilization	  of	  HIF	  transcription	  factors.	  This	  led	   to	   an	   increased	   expression	   of	   Vegfa	   and	   pathological	   retinal	   angiogenesis,	   resulting	   into	  hypervascularity	  of	   the	  primary	  plexus	   (Weidemann	  et	  al.,	  2010).	  Simultaneous	  ablation	  of	  Vhl	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and	  Vegfa	   in	  astrocytes	  rescued	  the	  vascular	  phenotype	  (Weidemann	  et	  al.,	  2010).	  On	  the	  other	  hand,	  RGC-­‐deficient	  mice	  (Brn3bZ-­dta/+;	  Six3-­Cre)	  show	  a	  complete	  lack	  of	  the	  retinal	  vasculature,	  thereby	  suggesting	  a	  central	  role	  of	  RGCs	  in	  retinal	  angiogenesis	  (Sapieha	  et	  al.,	  2008).	  Altogether	  these	   observations	   suggest	   that	   retinal	   neurons	   (e.g.	   RGCs)	   rather	   than	   astrocytes	  may	   act	   as	  primary	   oxygen	   sensor	   to	   control	   the	   development	   of	   the	   primary	   plexus	   of	   the	   retinal	  vasculature	  by	   regulating	   the	  growth	  of	   the	   astrocyte	   template	   (Nakamura-­‐Ishizu	  et	   al.,	   2012).	  While	   astrocyte-­‐derived	  Vegfa	  might	   not	   be	   fundamental	   for	   physiological	   angiogenesis	   in	   the	  retina,	   it	   may	   yet	   be	   able	   to	   modulate	   the	   process	   and	   contribute	   to	   pathological	  neovascularisation	  (Weidemann	  et	  al.,	  2010).	  
	  
5.4 Search	  for	  the	  Molecular	  Basis	  of	  the	  Lack	  of	  the	  Retinal	  Vascular	  
Intermediate	  Plexus	  
The	  tightly	  regulated	  process	  of	  retinal	  angiogenesis	  involves	  the	  production	  and	  secretion	  of	   a	   multitude	   of	   pro-­‐	   and	   anti-­‐angiogenic	   factors.	   A	   strong	   candidate	   for	   the	   induction	   and	  regulation	  of	  angiogenesis	  is	  VEGFA,	  a	  well-­‐known	  angiogenic	  and	  vasopermeability	  factor,	  that	  has	   shown	   to	   contribute	   to	  angiogenesis	   in	  virtually	  every	   tissue,	   including	   the	   retina	   (Ferrara	  and	  Gerber,	  2001).	  The	  induction	  of	  Vegfa	  gene	  expression	  is	  regulated	  by	  HIFs,	  as	  underlined	  by	  the	   presence	   of	  HRE	   sequences	   in	   the	  Vegfa	   promoter	   region	   (Kimura	   et	   al.,	   2001).	  Hence,	   an	  increased	   expression	   and	   secretion	   of	   VEGFA	   occurs	   under	   hypoxic	   conditions	   (Shweiki	   et	   al.,	  1992).	   In	   the	   retina,	   secretion	   origin	   of	   VEGFA	   in	   hypoxia	   has	   been	   attributed	   to	   several	   cell	  types,	   including	   vascular	   endothelial	   cells,	   pericytes,	   Müller	   cells,	   astrocytes,	   and	   RPE	   cells	  (Adamis	   et	   al.,	   1993;	   Aiello	   et	   al.,	   1995).	   In	   our	   mouse	   model,	   due	   to	   the	   expression	   of	   Cre	  recombinase	  by	  Müller	  glia	  (among	  other	  cells)	  (Fig.	  20),	  a	  decreased	  secretion	  of	  VEGFA	  upon	  ablation	  of	  Hif1a	  would	  be	  expected.	  Surprisingly,	  no	  decrease	  in	  Vegfa	  expression	  was	  detected,	  in	   particular	   during	   the	   angiogenic	   time-­‐window	   (Fig.	   36).	   This	   was	   unexpected,	   as	   the	  development	   of	   intraretinal	   capillaries	   is	   preceded	   by	   a	   transient	   upregulation	   of	   Vegfa	  transcripts	  in	  the	  INL,	  at	  least	  in	  the	  rat	  retina	  (Stone	  et	  al.,	  1995).	  A	  possible	  explanation	  could	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rely	  on	  a	  “dilution	  effect”.	  In	  fact,	  Vegfa	  mRNA	  levels	  were	  quantified	  in	  total	  retinal	  extracts,	  and	  CRE-­‐mediated	  recombination	  occurs	  predominantly	  in	  the	  peripheral	  retina,	  thus	  masking	  local	  and	  transient	  changes	  of	  Vegfa	  expression	  by	  such	  an	  analysis.	  Nevertheless,	  our	  observation	  is	  in	  line	  with	  results	  obtained	  by	  Weidemann	  et	  al,	  which	  reported	  that	  ablation	  of	  Hif1a	  in	  Müller	  cells	  and	  astrocytes	  did	  not	  alter	  Vegfa	   expression	   (Weidemann	  et	  al.,	  2010).	  Our	  observations	  support	  the	  conclusion	  that	  other	  transcription	  factors	  may	  drive	  Vegfa	  expression	  during	  retinal	  development.	  A	  major	  candidate	  might	  be	  EPAS1	  (HIF2A),	  which	  was	  already	  shown	  to	   induce	  
Vegfa	   expression	   in	   other	   cells	   (Wiesener	   et	   al.,	   1998;	   Xia	   et	   al.,	   2001;	   Takeda	   et	   al.,	   2004).	  Supporting	  this	  hypothesis,	  knockdown	  of	  VHL	  protein	  during	  retinal	  development	  resulted	  in	  a	  normoxic	  accumulation	  of	  both	  HIF1	  and	  HIF2,	  and	   in	  an	   increased	  Vegfa	  expression	  (Lange	  et	  al.,	  2011a;	  Kurihara	  et	  al.,	  2010).	  While	  a	  simultaneous	  knockdown	  of	  Vhl	  and	  Hif1a	  in	  retinal	  glia	  also	  resulted	   into	  augmented	  VEGFA	   levels,	  simultaneous	  ablation	  of	  Vhl	  and	  Epas1	   (Hif2a)	  did	  not	   (Weidemann	   et	   al.,	   2010).	   All	   this	   suggests	   that	   EPAS1	   (HIF2A)	   may	   regulate	   Vegfa	  expression,	   possibly	   in	   conjunction	   with	   HIF1A,	   or	   alone.	   Thus,	   the	   increased	   expression	   of	  EPAS1	   (HIF2A)	   in	   our	   model	   might	   compensate	   for	   the	   downregulation	   of	   HIF1A	   (Fig.	   38),	  eventually	  resulting	  in	  unaltered	  expression	  levels	  of	  Vegfa.	  Not	   only	   VEGFA,	   but	   also	   a	   multitude	   of	   other	   pro-­‐	   and	   anti-­‐angiogenic	   molecules	  orchestrate	  retinal	  angiogenesis.	  We	  therefore	  analyzed	  the	  expression	  pattern	  of	  different	  genes	  known	   to	   be	   involved	   in	   this	   process.	   SERPINF1	   (PEDF)	   is	   among	   the	   anti-­‐angiogenic	   factors	  known	   to	   regulate	   retinal	   angiogenesis	   by	   counterbalancing	   high	   VEGFA	   levels	   (Eichler	   et	   al.,	  2004),	   and	   long-­‐term	   overexpression	   of	   this	   protein	   inhibited	   retinal	   neovascularisation	  (Haurigot	  et	  al.,	  2012).	  Under	  hypoxic	   conditions,	  HIF1A	  has	  been	  reported	   to	  drive	  SERPINF1	  (PEDF)	  expression	  and	  the	  source	  of	  its	  secretion	  in	  the	  retina	  is	  thought	  to	  include	  Müller	  cells	  (Yang	   et	   al.,	   2012).	   Hence,	   increased	   secretion	   of	   this	   protein	  may	   lead	   to	   a	   reduced	   vascular	  growth,	   as	   observed	   in	  Hif1a	   knockdown	   retinas.	   However,	   Serpinf1	   (Pedf)	   mRNA	   expression	  profiles	  were	  similar	  in	  Hif1a	  knockdown	  and	  control	  retinas	  (Fig.	  36).	  ANG2	  is	  another	  protein	  that	   is	   involved	   in	   retinal	   angiogenesis	   and	   vascular	   remodelling	   by	   acting	   as	   an	   antagonist	   of	  TEK	  (TIE2),	  a	  tyrosine	  kinase	  receptor	  expressed	  on	  endothelial	  cells	  (Maisonpierre	  et	  al.,	  1997).	  
Ang2	  mRNA	  expression	  has	  been	   shown	   to	  be	   increased	   in	   the	   INL	  during	  development	  of	   the	  deep	   retinal	   capillaries	   (Hackett	   et	   al.,	   2000).	   Ang2-­‐deficient	   retinas	   show	   an	   absence	   of	   the	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intermediate	  and	  outer	  capillary	  plexi	  (Hackett	  et	  al.,	  2002),	  a	  phenotype	  partially	  matching	  with	  what	  we	  observed	  in	  Hif1a	  knockdown	  retinas.	  In	  our	  mouse	  model,	  Ang2	  mRNA	  expression	  was	  not	  significantly	  affected	  in	  the	  time	  window	  between	  PND	  5	  and	  10	  when	  compared	  to	  control	  retinas	  (Fig.	  36).	  Intriguingly,	  Tek	  (Tie2)	  expression	  at	  PND	  21	  in	  Hif1a	  knockdown	  retinas	  was	  significantly	   increased	   by	   two-­‐fold	   (p<0.001)	   (Fig.	   36),	   even	   though	   the	   relative	   number	   of	  endothelial	   cells	   should	   be	   reduced	   due	   to	   the	   lack	   of	   the	   intermediate	   vascular	   plexus.	   This	  points	   to	   a	   possible	   involvement	   of	   vascular	   remodelling	   in	   the	   vascular	   phenotype	   of	  
Hif1aflox/flox;α-­Cre	  mice.	   Netrins	   are	   ligands	   for	   deleted	   in	   colorectal	   cancer	   (DCC)	   receptor	   and	  uncoordinated	   five	   (UNC5)	   receptor	   families	   (Livesey,	   1999).	   These	   proteins	   act	   as	   diffusible	  secreted	   factors	   that	   regulate	   axon	   guidance	   and	   the	   development	   of	   the	   ONH	   (Hackett	   et	   al.,	  2002).	   NTN1	   has	   recently	   been	   implicated	   as	   a	   pro-­‐angiogenic	   factor	   in	   the	   retina	   and	   is	  upregulated	  under	  hypoxic	  conditions	   (Tian	  et	  al.,	  2011;	  Xu	  et	  al.,	  2012).	  NTN4	   is	  a	  Müller-­‐cell	  secreted	  factor	  upregulated	  under	  hypoxic	  conditions	  in	  a	  HIF1-­‐dependent	  manner.	  This	  protein	  has	   been	   suggested	   to	   promote	   proliferation	   and	   migration	   of	   vascular	   endothelial	   cells,	   and	  therefore	  to	  contribute	  to	  retinal	  angiogenesis	  (Lange	  et	  al.,	  2012).	  In	  line	  with	  these	  reports,	  we	  would	  expect	  a	  reduction	  in	  the	  expression	  of	  netrin	  family	  members	  upon	  Hif1a	  knockdown,	  in	  particular	  Ntn4.	  Indeed,	  both	  Ntn1	  and	  Ntn4	  gene	  expression	  was	  significantly	  reduced	  at	  PND	  10	  upon	  Hif1a	  knockdown	  (Fig.	  36).	  This	  observation	  is	  highly	  interesting	  and	  points	  to	  these	  axon	  guidance	  molecules	   as	  potential	   candidates	   for	   the	  vascular	  phenotype.	  However,	   in	   a	   recently	  published	   work,	   Li	   et	   al.	   analyzed	   the	   retinal	   vasculature	   of	   Ntn4-­‐/-­‐	   and	   excluded	   major	  phenotypical	  alterations	  of	  retinal	  vessels	  due	  to	  lack	  of	  NTN4	  (Li	  et	  al.,	  2012).	  Norrie	  disease	  is	  a	  pathological	   condition	   characterized	   by	   congenital	   blindness,	   deafness	   and	  mental	   retardation	  (Fradkin,	   1971).	  Mutations	   in	   the	   human	  NDP	   gene,	   encoding	  norrin,	   have	  been	   recognized	   as	  causative	  factors	  in	  Norrie	  disease	  (Chen	  et	  al.,	  1993).	  In	  the	  retina,	  NDP	  is	  produced	  by	  Müller	  cells	   and	  acts	   as	   a	   ligand	  of	   a	   receptor	   complex	   that	   includes	  FZD4,	  LRP5	  and	  TSPAN12.	  Upon	  binding	  to	  the	  receptor	  complex	  on	  vascular	  endothelial	  cells,	  NDP	  activates	  the	  canonical	  WNT	  signalling	  pathway	  (Xu	  et	  al.,	  2004;	  Ye	  et	  al.,	  2009;	  Wang	  et	  al.,	  2012).	  In	  the	  past	  years,	  Ndp	  has	  been	  implicated	  in	  the	  regression	  of	  hyaloid	  vessels	  and	  in	  retinal	  angiogenesis,	   in	  particular	  in	  the	  development	  of	   the	  deep	  capillary	  networks	  (Ohlmann	  and	  Tamm,	  2012).	   In	   fact,	   in Ndpy/−	  mice	  the	  deep	  capillary	  plexi	  are	  not	  formed,	  and	  the	  outgrowth	  of	  the	  primary	  vascular	  plexus	  is	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delayed.	   It	   appears	   that	   this	   phenomenon,	   together	   with	   decreased	   angiogenic	   sprouting,	   is	   a	  consequence	  of	  reduced	  proliferation	  of	  vascular	  endothelial	  cells	  (Rehm	  et	  al.,	  2002;	  Richter	  et	  al.,	   1998;	   Zuercher	   et	   al.,	   2012).	   Moreover,	   in	   Fzd4−/−,	   Lrp5−/−	   and	   Tspan12−/−	   retinas,	   the	  development	  of	   the	  primary	  plexus	   is	  delayed	  and	   incomplete,	   and	   the	  outer	  and	   intermediate	  capillary	   plexi	   are	   lacking,	   thus	   essentially	   phenocopying	   the	   vascular	   phenotype	   described	   in	  Ndpy/-­‐	  mouse	  retinas	  (Xu	  et	  al.,	  2004;	  Junge	  et	  al.,	  2009;	  Luhmann	  et	  al.,	  2005;	  Xia	  et	  al.,	  2010).	  We	  did	  not	  measure	  significant	  modifications	   in	   the	  expression	  of	  Ndp	  upon	  Hif1a	  knockdown.	  However,	  significantly	  reduced	  expression	  of	   the	  receptor	  components	  Fzd4	  and	  Tspan12	  were	  measured	  at	  PND	  10,	  a	  time	  frame	  conceivable	  with	  the	  development	  of	  the	  intermediate	  plexus	  (Fig.	   36).	   It	   is	   important	   to	   note	   that	   a	   reduced	   vascular	   coverage	   in	  Hif1aflox/flox;α-­Cre	  mouse	  retinas	   might	   explain	   the	   reduced	   mRNA	   expression	   of	   Fzd4	   and	   Tspan12,	   which	   are	   both	  expressed	  on	  vascular	  endothelial	  cells	  (Ye	  et	  al.,	  2009).	  In	  this	  case,	  one	  would	  expect	  reduced	  expression	  levels	  of	  these	  receptor	  components	  even	  in	  the	  retina	  of	  adult	  mice,	  but	  this	  was	  not	  confirmed	  at	  a	  statistical	  significant	  degree.	  Alternatively,	  expression	  of	  Fzd4	  and	  Tspan12	  could	  be	  reduced	  in	  vascular	  endothelial	  cells,	  thus	  reducing	  WNT	  signalling,	  and	  lead	  to	  an	  incomplete	  retinal	  angiogenesis.	  ADM	  is	  a	  peptide	  that	  was	  reported	  to	  act	  as	  a	  potent	  vasodilator	  on	  retinal	  arteries,	   and	  was	   shown	   to	   augment	   choroidal	   blood	   flow	   and	   flow	   velocity	   of	   the	   ophthalmic	  arteries	  (Kitamura	  et	  al.,	  1993).	  Expression	  of	  Adm	   is	  induced	  in	  hypoxic	  retina	  (Thiersch	  et	  al.,	  2008).	  In	  addition,	  a	  possible	  involvement	  of	  ADM	  in	  retinal	  angiogenesis	  has	  been	  suggested	  by	  the	  embryonically	  lethal	  vascular	  defects	  described	  in	  Adm	  knockout	  mice	  (Shindo	  et	  al.,	  2001),	  and	  by	  the	  observation	  that	  ADM	  enhanced	  the	  proliferation	  and	  migration	  of	  retinal	  endothelial	  cells,	  besides	  playing	  a	   role	   in	  pathological	   angiogenesis	   in	   the	  OIR	  model	   (Iesato	  et	  al.,	  2013).	  Upon	   ablation	   of	   Hif1a	   in	   the	   retinal	   periphery,	   increased	   transcripts	   levels	   of	   Adm	   were	  measured	  at	  PND	  15	  and	  PND	  21	  (Fig.	  36).	  The	  incomplete	  vascularisation	  of	  the	  inner	  retina	  of	  
Hif1aflox/flox;α-­Cre	   mice	   may	   result	   in	   local	   hypoxia,	   and	   this	   could	   explain	   the	   increased	  expression	  of	  Adm.	  Increased	  secretion	  of	  the	  peptide	  may	  induce	  vasodilation	  of	  retinal	  arteries	  and	  consequently	  relief	  the	  hypoxic	  insult.	  However,	  the	  reason	  for	  the	  absence	  of	  increased	  Adm	  expression	   in	   the	   adult	   retina	   deserves	   further	   investigation,	   as	   the	   vascular	   phenotype	   of	  
Hif1aflox/flox;α-­Cre	  retina	  persisted	  into	  adulthood.	  	  In	   conclusion,	   changes	   in	   the	   expression	   of	   genes	   involved	   in	   retinal	   angiogenesis	  were	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detected	  in	  the	  timeframe	  when	  the	  intermediate	  plexus	  is	  normally	  formed,	  i.e.	  at	  around	  PND	  10.	  These	  include	  reduced	  mRNA	  levels	  of	  netrin	  family	  members	  as	  well	  as	  Fzd4	  and	  Tspan12,	  which	  are	  involved	  in	  WNT	  signalling.	  Altered	  expression	  of	  these	  genes	  may	  explain	  the	  vascular	  phenotype	  in	  Hif1aflox/flox;α-­Cre	  retina,	  but	  the	  definition	  of	  the	  molecular	  basis	  of	  the	  phenotype	  clearly	  needs	  further	  investigation.	  A	  problem	  in	  this	  perspective	  might	  be	  represented	  by	  short-­‐term	   and	   gradient-­‐like	   expression	   patterns	   of	   factors	   guiding	   the	   growth	   of	   the	   intermediate	  plexus.	  Detection	  of	  such	  a	  gradient	   is	  not	  possible	  by	  analyzing	  global	   transcripts	   levels	   in	   the	  retina.	   Other	   methods	   would	   be	   needed,	   such	   as	   high	   resolution	   in	   situ	   hybridization	   or	   the	  isolation	  of	  RNA	  from	  different	  retinal	  layers	  by	  laser	  capture	  microdissection.	  Beside	   the	   identification	   of	   proteins	   involved	   in	   retinal	   angiogenesis,	   it	   is	   crucial	   to	  discover	  the	  cellular	  origin	  of	  expression	  of	  pro-­‐	  and	  anti-­‐angiogenic	  factors.	  The	  recognition	  of	  the	   cell	   population(s)	   responsible	   for	   the	   vascular	   phenotype	   described	   in	   Hif1a	   knockdown	  retinas	  is	  rendered	  difficult	  by	  the	  heterogeneity	  of	  the	  population	  of	  retinal	  cells	  that	  expresses	  
Cre	  in	  the	  α-­Cre	  mouse	  (Chapter	  5.1).	  Müller	  cells	  have	  long	  been	  recognized	  to	  express	  proteins	  that	   regulate	   retinal	   angiogenesis	   (Bringmann	   et	   al.,	   2006),	   and	   these	   glia	   are	   part	   of	   the	  heterogeneous	  population	  of	  cells	  were	  Hif1a	   is	  ablated	  in	  the	  Hif1a	  knockdown	  retina.	  Yet,	  the	  more	  specific	  ablation	  of	  Hif1a	  in	  astrocytes	  and	  Müller	  cells	  (in	  Hif1aflox/flox;Pdgfra-­Cre	  mice)	  did	  not	  lead	  to	  a	  comparable	  or	  even	  appreciable	  phenotype	  at	  the	  vascular	  level,	  as	  shown	  here	  (Fig.	  44)	   and	   reported	   by	   others	   (Weidemann	   et	   al.,	   2010).	   Hence,	   the	   correct	   formation	   of	   the	  intermediate	   plexus	   of	   the	   retinal	   vasculature	   may	   be	   regulated	   by	   a	   correct	   HIF1A	   protein	  stabilization	  profile	  in	  cells	  other	  than	  Müller	  cells.	  Retinal	  neurons	  such	  as	  RGCs,	  horizontal	  and	  photoreceptor	  cells	  are	  unlikely	  to	  be	  involved	  in	  the	  process	  since	  their	  location	  in	  the	  retina	  is	  not	   in	   proximity	   of	   the	   intermediate	   plexus.	   In	   this	   view,	   possible	   candidates	   are	   bipolar	   and	  amacrine	  cells.	  Bipolar	  cells	  do	  not	  express	  Cre	  in	  the	  Hif1aflox/flox;α-­Cre	  retina,	  and	  may	  thus	  not	  be	  directly	  responsible	  for	  the	  vascular	  phenotype.	  On	  the	  contrary,	  Hif1a	  is	  ablated	  in	  amacrine	  cells	  in	  proximity	  to	  the	  site	  where	  the	  intermediate	  plexus	  is	  established.	  It	  is	  thus	  possible	  that	  either	  diffusible	  or	   cell-­‐to-­‐cell	   contact	   factors	  expressed	  by	   this	   cell	  population	  are	   responsible	  for	   the	   development	   of	   this	   vascular	   plexus.	   In	   order	   to	   test	   this	   hypothesis,	   the	   retinal	  vasculature	   of	   conditional	   knockout	   mice	   with	   deletion	   of	   Hif1a	   in	   amacrine	   cells	   should	   be	  analyzed.	   Importantly,	   only	   a	   particular	   subset	   of	   amacrine	   cells	   may	   contribute	   to	   retinal	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angiogenesis.	   In	   fact,	   in	   the	   central	   retina	   of	  Hif1aflox/flox;α-­Cre	  mice,	   a	   subset	   of	   amacrine	   cells	  expresses	  Cre	  but	  no	  vascular	  phenotype	  was	  observed,	  compared	  to	  the	  retinal	  periphery.	  Also,	  the	  production	  of	  multiple	  factors	  produced	  by	  a	  combination	  of	  different	  retinal	  cell	  types	  may	  regulate	  the	  development	  of	  the	  intermediate	  plexus.	  In	   general,	   our	   results	   establish	   and	   support	   the	   importance	   of	   a	   correct	   spatial	   and	  temporal	   expression	   profile	   of	  Hif1a	   for	   the	   development	   of	   a	   normal	   retinal	   vasculature	   and	  especially	   for	   the	   formation	   of	   the	   intermediate	   plexus.	   Many	   events	   may	   be	   involved	   in	   the	  incomplete	   development	   of	   the	   intermediate	   plexus	   resulting	   from	   Hif1a	   knockdown	   in	   the	  retinal	  periphery.	  These	  may	  include	  a	  reduced	  WNT	  signalling	  through	  FZD4	  receptor,	  reduced	  expression	   of	   netrin	   family	  members,	   and/or	   transient	   and	   local	   changes	   in	   the	   expression	   of	  
Vegfa	   and	   Ang2.	   Possible	   adaptive	   mechanisms	   to	   increase	   blood	   flow	   in	   the	   inner	   retina	   of	  
Hif1aflox/flox;α-­Cre	  mice	  may	  involve	  vasodilation	  of	  arteries.	  This	  mechanism	  may	  be	  induced	  by	  increased	  expression	  of	  Adm	  driven	  by	  reduced	  oxygenation	  of	  the	  tissue.	  	  	   Not	  only	  HIF1A,	  but	  also	  EPAS1	  (HIF2A)	  was	  shown	  to	  contribute	  to	  the	  process	  of	  retinal	  angiogenesis.	   In	   fact,	   systemic	   Epas1	   (Hif2a)	   knockout	   mice	   show	   significant	   defects	   in	   the	  development	   of	   the	   retinal	   vasculature,	   characterized	   by	   a	   reduced	   vascular	   coverage	   of	   the	  peripheral	   retina,	   tortuous	   central	   vessels,	   and	   inhibited	   regression	   of	   the	   hyaloid	   artery.	  Together	  with	  these	  vascular	  abnormalities,	  Epas1	  (Hif2a)-­‐null	  mice	  display	  a	  strong	  retinopathy	  (Ding	  et	  al.,	  2005).	  	  
5.5 HIFs	   as	   Therapeutic	   Targets	   to	   Inhibit	   Pathological	   Retinal	  
Angiogenesis	  	  
The	  use	  of	  conditional	  knockdown	  strategies	  to	  investigate	  the	  functions	  of	  HIFs	  in	  retinal	  angiogenesis	  has	  been	  accompanied	  and	  supported	  by	  the	  analysis	  of	  mouse	  models	  genetically	  designed	   to	   show	  a	   long-­‐lasting	   stabilization	  of	  HIFs	  under	  normoxic	   conditions.	  These	  animal	  models	   have	   been	   particularly	   useful	   to	   elucidate	   the	   contribution	   of	   HIFs	   in	   pathological	  angiogenesis.	   A	   prominent	   example	   is	   represented	   by	   the	   inactivation	   of	   the	   Vhl	   tumour	  suppressor	   gene	   in	   the	   autosomal	   dominant	   von	   Hippel-­‐Lindau	   disease.	   This	   results	   in	   a	  constitutive	  normoxic	  stabilization	  of	  HIFAs,	  ensuing	  in	  a	  constant	  expression	  of	  pro-­‐angiogenic	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growth	   factors,	   such	   as	   VEGFA,	   leading	   to	   the	   growth	   of	   vascular	   endothelial	   tumours	   (i.e.	  hemangioblastomas)	  in	  the	  retina	  and	  other	  organs	  (Chan	  et	  al.,	  2007;	  Rankin	  et	  al.,	  2005).	  In	  a	  
Vhl	   conditional	  knockdown	  mouse	  model,	  genetically	  designed	  to	  mimic	   the	  von	  Hippel-­‐Lindau	  disease,	   a	   chronic	   stabilization	   of	   HIFA	   proteins	   under	   normoxic	   conditions	   was	   described	   to	  occur	   already	   in	   the	   early	   post-­‐natal	   retina	   (Lange	   et	   al.,	   2010;	   Kurihara	   et	   al.,	   2010).	   This	  persistent	   hypoxia-­‐like	   response	   resulted	   in	   a	   severe	   retinopathy,	   glia	   activation	   and	   severely	  reduced	   retinal	   function	   in	   the	   adult	   mouse.	   At	   the	   vascular	   level,	   regression	   of	   the	   hyaloid	  vasculature	   was	   impaired,	   the	   density	   of	   the	   retinal	   vasculature	   was	   severely	   reduced,	   the	  capillaries	  of	   the	  deeper	  plexi	  did	  not	   form,	  and	  retinal	  vessels	  growing	   into	   the	  photoreceptor	  layer	  were	  observed	  (Lange	  et	  al.,	  2010).	  The	  underlying	  mechanisms	  for	  this	  aberrant	  vascular	  phenotype	  might	  rely	  on	  the	  significantly	  increased	  ectopic	  Vegfa	  expression	  in	  Vhl	  knockdown	  mice	  (Lange	  et	  al.,	  2010;	  Kurihara	  et	  al.,	  2010).	  Indeed,	  the	  vascular	  defects	  in	  this	  mouse	  model	  could	  be	  rescued	  either	  by	  administration	  of	  a	  VEGFA	  inhibitor,	  or	  by	  a	  simultaneous	  ablation	  of	  
Hif1a,	  but	  not	  Epas1	  (Hif2a)	  (Kurihara	  et	  al.,	  2010).	  A	  supplementary	  support	  for	  a	  contributory	  function	   for	  HIF1A	   in	  proliferative	  vascular	  phenotypes	  as	  well	   as	  developmental	   angiogenesis	  comes	  from	  observations	  made	  in	  retinas	  of	  Phd2-­‐null	  mice.	  In	  the	  retina	  of	  these	  mice,	  abnormal	  vessels	   are	   formed,	   characterized	   by	   increased	   arterial	   branching	   and	   mild	   alterations	   in	   the	  patterning	  of	  retinal	  vessels	  (Duan	  et	  al.,	  2011).	  	  The	   biologically	   relevant	   implication	   of	   HIFs	   in	   the	   induction	   and	   regulation	   of	   retinal	  angiogenesis,	   as	   well	   as	   their	   contribution	   in	   the	   process	   of	   pathological	   neovascularisation,	  makes	  these	  transcription	  factors	  good	  candidates	  for	  pharmacological	  treatment	  of	  proliferative	  retinopathies.	   In	   this	   prospective,	   Yoshida	   et	   al.	   used	   a	   pharmacological	   approach	   to	   reduce	  HIF1A	   levels	   and	   to	   study	   the	   implications	   of	   the	   transcription	   factor	   in	   retinal	  neovascularisation.	   The	   authors	   used	   digoxin,	   an	   inhibitor	   of	   HIF1-­‐dependent	   transcriptional	  activity,	  and	  confirmed	  ensuing	  reduced	  levels	  of	  HIF1A	  protein	  accumulation	  in	  the	  OIR	  model.	  As	  a	  consequence,	  a	  suppression	  of	  both	  retinal	  and	  choroidal	  neovascularisation	  was	  observed	  (Yoshida	   et	   al.,	   2010).	   Likewise,	   DeNiro	   et	   al.	   reported	   that	   YC-­‐1,	   another	   inhibitor	   of	   HIF1A,	  decreased	   accumulation	   of	   HIF1A protein	   in	   normoxia	   and	   inhibited	   its	   synthesis,	   protein	  stability,	   and	   nuclear	   translocation	   under	   hypoxic	   conditions.	   Treatment	   with	   YC-­‐1	   was	  accompanied	   by	   a	   significant	   decrease	   of	   the	   expression	   of	   HIF1-­‐dependent	   genes,	   and	   a	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consequent	   reduction	   of	   retinal	   vascular	   density	   (Deniro	   et	   al.,	   2009).	   Altogether,	   our	  observations	  and	  the	  aforementioned	  studies	  confirm	  that	  inhibition	  of	  HIF1	  leads	  to	  a	  reduction	  of	  the	  extent	  of	  retinal	  vascularisation	  and	  certify	  the	  potential	  of	  modulating	  the	  Hif1a pathway	  as	  a	  therapeutic	  strategy	  to	  inhibit	  pathological	  neovascularisation.	  	  
5.6 The	  Viability	  of	  the	  Retina	  Is	  Preserved	  in	  the	  Absence	  of	  HIF1A	  	  
HIF	  transcription	  factors	  are	  crucial	  for	  the	  adaptation	  and	  survival	  of	  cells	  under	  ischemic	  /	  hypoxic	  conditions	  (Chapter	  1.4).	  Stabilization	  of	  HIF1A	  in	  the	  post-­‐natal	  retina	  may	  be	  crucial	  to	  allow	  the	  survival	  of	  retinal	  cells,	  in	  particular	  RPCs,	  to	  the	  period	  of	  hypoxia	  occurring	  in	  the	  post-­‐natal	  retina	  (see	  Chapter	  1.3.4).	  Nakamura-­‐Ishitzu	  and	  colleagues	  demonstrated	  that	  at	  PND	  6,	  HIF1A	  protein	   levels	  are	  reduced	   in	  most	  RPCs	  of	  Hif1aflox/flox;α-­Cre	  mice.	   In	  spite	  of	   this,	   the	  number	  of	  RPCs	  is	  not	  diminished,	  thereby	  suggesting	  that	  the	  absence	  of	  HIF1A	  does	  not	  affect	  the	   survival	  of	   these	   cells	   (Nakamura-­‐Ishizu	  et	   al.,	   2012).	  We	  confirmed	   these	  observations	  by	  analyzing	   the	   retina	   of	   adult	  Hif1aflox/flox;α-­Cre	  mice	   for	   the	   presence	   of	   developmental	   defects	  suggesting	  for	  reduced	  proliferation	  or	  increased	  loss	  of	  RPCs.	  Tissue	  development,	  layering,	  and	  maturation	   were	   not	   affected	   despite	   absence	   of	   Hif1a	   in	   neurons	   and	   Müller	   glia	   of	   the	  peripheral	   retina	   of	  Hif1aflox/flox;α-­Cre	  mice	   (Fig.	   27).	   The	   same	   conclusion	   can	   be	   drawn	  when	  
Hif1a	   is	   ablated	   in	   Müller	   cells	   and	   astrocytes	   of	   Hif1aflox/flox;Pdgfra-­Cre	   mice	   (Fig.	   45).	  Furthermore,	  no	  appreciable	  signs	  of	  tissue	  degeneration	  were	  observed	  in	  1-­‐year	  old	  retinas	  for	  both	  Hif1a	   knockdown	   strains	   (Fig.	   45	   and	   data	   not	   shown	   for	  Hif1aflox/flox;α-­Cre	  mice).	   Hence,	  HIF1A	  does	  not	  appear	  to	  be	  required	  for	  the	  survival	  of	  retinal	  cells	  in	  the	  aging	  retina.	  Whether	  retinal	  cells	  not	  undergoing	  ablation	  of	  Hif1a	  in	  Hif1aflox/flox;α-­Cre	  mice,	  in	  particular	  in	  the	  central	  retina,	   would	   be	   negatively	   affected	   by	   deletion	   of	   the	   transcription	   factor	   is	   not	   known.	  Importantly,	  also	  the	  function	  of	  the	  retina	  appears	  not	  to	  be	  significantly	  impaired	  by	  the	  lack	  of	  HIF1A	  and	  absence	  of	  intermediate	  capillary	  plexus	  in	  the	  retinal	  periphery,	  even	  though	  a	  minor	  decrease	  in	  the	  b-­‐wave	  amplitude	  was	  measured	  (Fig.	  37).	  It	  is	  important	  to	  remember	  that	  ERG	  measurements	  give	  an	  overall	  retinal	  response	  to	  flashes	  of	  light,	  with	  the	  central	  retina	  largely	  contributing	   to	   the	   recordings.	   Therefore,	   due	   to	   the	   peripheral	   knockdown	   of	   our	   model,	  conclusive	  discussions	  on	  the	  effects	  of	  Hif1a	  ablation	  on	  the	  ERG	  are	  not	  possible.	  Nevertheless,	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the	   lack	   of	   the	   intermediate	   capillary	   plexus	   in	   the	   retinal	   periphery,	   and	   a	   possible	   reduced	  oxygenation	  of	  the	  inner	  retina,	  could	  explain	  the	  minor	  reduction	  in	  b-­‐wave	  amplitude.	  Hence,	  it	  would	  be	  of	  high	  interest	  to	  obtain	  measurements	  of	  retinal	  function	  in	  the	  retinal	  periphery	  by	  multi-­‐focal	  ERG,	  or	  alternatively	  to	  measure	  ERG	  amplitudes	  in	  mice	  lacking	  HIF1A	  in	  the	  central	  retina.	  	  In	   different	   experimental	   models,	   absence	   of	   HIFs	   is	   shown	   to	   increase	   tissue	   injury	  caused	  by	  hypoxic/ischemic	   insults	  (Baranova	  et	  al.,	  2007;	  Kojima	  et	  al.,	  2007).	  Based	  on	  these	  considerations,	  absence	  of	  Hif1a	  in	  the	  retina	  may	  lead	  to	  an	  increased	  susceptibility	  of	  the	  tissue	  to	   hypoxic	   stress.	   We	   tested	   this	   hypothesis	   by	   exposing	   Hif1aflox/flox;Pdgfra-­Cre	   mice	   to	   a	  prolonged	  period	  of	  hypoxia	   (6	  Hrs,	  7%	  O2)	  and	  analyzed	   the	  morphology	  of	   the	  retina	   for	   the	  presence	   of	   signs	   of	   degeneration.	   Absence	   of	   HIF1A	   in	   retinal	   glia	   did	   not	   result	   in	   retinal	  damage	   upon	   hypoxic	   exposure	   (Fig.	   47).	   This	   suggests	   that	   Müller	   cells	   and	   astrocytes	   can	  survive	   a	   relatively	   long	  period	  of	   hypoxia	  without	  undergoing	   cell	   death.	  This	   concept	   can	  be	  partially	  explained	  by	  the	  specialized	  energy	  metabolism	  of	  glia	  cells,	  which	  use	  mainly	  glycolysis	  for	  the	  generation	  of	  ATP,	  even	  in	  the	  presence	  of	  sufficient	  oxygen	  (Poitry-­‐Yamate	  et	  al.,	  1995;	  Pellerin	  et	  al.,	  2007).	  This	  results	  in	  a	  low	  rate	  of	  oxygen	  consumption	  and	  may	  explain	  why	  these	  cells	   are	   resistant	   to	   hypoxia	   and	   even	   long-­‐lasting	   anoxia	   (Winkler	   et	   al.,	   2000).	   A	   second	  conclusion	   that	   can	   be	   drawn	   is	   that	   knockdown	   of	  Hif1a	   in	   retinal	   glia	   does	   not	   impair	   the	  survival	  of	  retinal	  neurons,	  an	  event	  that	  could	  result	  from	  a	  reduced	  release	  of	  HIF1A-­‐induced	  glia-­‐derived	  survival	  factors.	  	  Exposure	   of	   Hif1aflox/flox;α-­Cre	   mice	   to	   hypoxia	   could	   potentially	   give	   insights	   on	   the	  contribution	   of	  HIF1A	   for	   the	   survival	   of	   retinal	   neurons,	   since	   different	   neuronal	   populations	  lack	  HIF1A	  in	  the	  retina	  of	  this	  mouse	  model.	  However,	  the	  vascular	  phenotype	  described	  in	  the	  retina	   of	  Hif1a	  knockdown	  mice	   is	   problematic	   in	   the	   view	  of	   such	   an	   experimental	   design.	   In	  fact,	  due	  to	  the	  absence	  of	  the	  retinal	  intermediate	  plexus,	  exposure	  of	  Hif1aflox/flox;α-­Cre	  mice	  to	  hypoxia	  may	   result	   in	   tissue	   damage	   and	   this	   event	  may	   be	   independent	   from	   the	   absence	   of	  HIF1A	   in	  neurons.	  This	  would	  make	  any	   inference	  on	  the	  direct	  role	  of	  HIF1A	  for	  resistance	  to	  hypoxia	   relatively	   complicated.	   For	   this	   reasons,	  Hif1aflox/flox;α-­Cre	  mice	   were	   not	   used	   in	   this	  experimental	  paradigm.	  	  Altogether,	   these	  observations	   indicate	   that	   retinal	   cells	  might	  be	   able	   to	   sustain	   retinal	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hypoxia	  even	  in	  the	  absence	  of	  HIF1A.	  Our	  results	  are	  supported	  by	  other	  studies	  that	  used	  the	  Cre-­‐loxP	   system	   to	   delete	   Hif1a	   in	   specific	   retinal	   cells.	   When	   Hif1a	   is	   ablated	   in	   adult	   rod	  photoreceptors	   (Thiersch	   et	   al.,	   2009)	  or	  Müller	   cells	   (Lin	   et	   al.,	   2011)	  no	  obvious	  histological	  and	   visual	   functional	   abnormalities	   were	   noticed.	   This	   knowledge	   increases	   the	   relevance	   of	  HIF1A	   as	   target	   for	   the	   treatment	   of	   retinal	   neovascular	   diseases.	   Inhibition	   of	   HIF1-­‐induced	  gene	  expression	  emerges	  as	  an	  attractive	  possibility,	  since	  the	  absence	  of	  this	  transcription	  factor	  does	  not	  show	  detrimental	  effects	  for	  the	  retina.	  	  A	  possible	  mechanism	  underlying	  these	  observations	  could	  involve	  the	  presence	  of	  other	  factors	  that	  have	  redundant	  roles	  with	  HIF1A.	  A	  candidate	  would	  be	  EPAS1	  (HIF2A),	  which	  has	  been	  repeatedly	  reported	  to	  share	  many	  target	  genes	  with	  HIF1A	  and	  to	  significantly	  contribute	  to	  the	  hypoxic	  response,	  in	  particular	  under	  chronic	  episodes	  (Chapter	  1.4).	  The	  possibility	  that	  EPAS1	   (HIF2A)	   shares	   redundant	   roles	   with	   HIF1A	   in	   retinal	   development	   and	   supports	   cell	  survival	   in	   the	   absence	   of	   HIF1A	   may	   explain	   the	   normal	   retinal	   morphology	   observed	   in	  
Hif1aflox/flox;α-­Cre	  mice.	   Indeed,	   protein	   levels	   of	  EPAS1	   (HIF2A)	  were	   elevated	   in	  Hif1aflox/flox;α-­
Cre	  mouse	   retinas	  when	   compared	   to	   control	   littermates	   (Fig.	   38).	   It	   is	   important	   to	  note	   that	  EPAS1	  (HIF2A)	  seems	  to	  be	  particularly	  important	  for	  development	  and	  physiology	  of	  the	  retina,	  in	  particular	  during	  angiogenesis.	  Support	   for	   this	  note	  comes	   from	  the	  observation	  that	  Epas1	  
(Hif2a)	  knockout	  mice	  displayed	  a	  retinopathy,	  accompanied	  by	  abnormalities	  in	  retinal	  vascular	  development.	   Retinopathy	   eventually	   resulted	   in	   a	   marked	   thinning	   of	   the	   retinal	   layers,	   in	  particular,	  a	  reduction	  of	  the	  photoreceptor	  layer.	  This	  was	  accompanied	  by	  loss	  of	  vision	  by	  one	  month	   of	   age	   (Ding	   et	   al.,	   2005;	   Scortegagna	   et	   al.,	   2003a).	   Since	   neuronal	   and	   vascular	  development	  in	  the	  retina	  is	  tightly	  interconnected	  and	  interdependent,	  it	  is	  hard	  to	  discriminate	  the	   precise	   contribution	   of	   EPAS1	   (HIF2A)	   to	   each	   of	   these	   processes.	   In	   other	   words,	   the	  vascular	   phenotype	   in	   Epas1	   (Hif2a)-­‐null	   mice	   may	   be	   a	   direct	   result	   of	   altered	   vascular	  development	  (Gariano	  and	  Gardner,	  2005)	  or	  may	  be	  an	  indirect	  outcome	  of	  photoreceptor	  loss,	  eventually	  reducing	  retinal	  oxygen	  consumption,	  and	  thus	  leading	  to	  relatively	  increased	  oxygen	  tension	  in	  the	  developing	  tissue.	  Such	  a	  relative	  increased	  oxygenation	  may	  reduce	  or	  abrogate	  the	  hypoxic	  stimulus	  driving	  angiogenesis,	  and	  may	  even	  result	  in	  vaso-­‐obliteration	  (Penn	  et	  al.,	  2000;	   Lahdenranta	   et	   al.,	   2001;	   Yu	   and	   Cringle,	   2005).	   Yet,	   the	   direct	   contribution	   of	   EPAS1	  (HIF2A)	  to	  retinal	  angiogenesis	  is	  supported	  by	  the	  observation	  that	  this	  protein	  is	  stabilized	  and	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accumulates	  mainly	  in	  vascular	  endothelial	  cells	  in	  the	  post-­‐natal	  retina	  (Kurihara	  et	  al.,	  2010).	  In	  conclusion,	  inhibition	  of	  HIF-­‐induced	  production	  of	  angiogenic	  factors	  is	  an	  attractive	  alternative	  to	   specifically	   targeting	   VEGFA	   for	   the	   treatment	   of	   retinal	   neovascular	   diseases.	   However,	  caution	   should	   be	   taken	   when	   deciding	   which	   HIFA	   isoform	   to	   target,	   as	   absence	   of	   EPAS1	  (HIF2A)	  seems	  to	  be	  more	  detrimental	  than	  HIF1A	  for	  retinal	  tissue	  survival.	  	  
5.7 Double	   Knockdown	   of	   Hif1a	   and	   EpoR	   in	   the	   Peripheral	   Retina	  
Does	  not	  Lead	  to	  Retinal	  Degeneration	  
EPO	   is	  a	   candidate	   factor	   that	  may	  contribute	   to	   the	  survival	  of	   retinal	  neurons	   in	  Hif1a	  knockdown	  retinas.	  In	  fact,	  this	  cytokine	  has	  shown	  to	  exert	  many	  protective	  effects	  in	  the	  retina	  on	  both	  neuronal	  and	  vascular	  cell	   types	   (Chapter	  1.6).	  The	   increased	  expression	  of	  Epo	   in	   the	  retina	   of	  Hif1aflox/flox;α-­Cre	  mice	   could	   be	   induced	  by	   the	   accumulation	   of	   EPAS1	   (HIF2A)	  upon	  
Hif1a	   ablation	   (Fig.	  38).	   Indeed,	  EPAS1	   (HIF2A)	  has	  been	   reported	   to	  be	   the	  main	  HIF	   isoform	  driving	  expression	  of	  Epo	  in	  the	  brain	  and	  retina	  (Morita	  et	  al.,	  2003;	  Yeo	  et	  al.,	  2008).	  Lack	  of	  the	  development	  of	   the	   intermediate	  plexus	  may	  have	   led	   to	   reduced	  oxygen	   tension	   in	   the	   retina	  and	  thus	  to	  the	  stabilization	  of	  EPAS1	  (HIF2A).	  EPO	  could	  therefore	  be	  a	  mediator	  of	  the	  retinal	  response	  to	  improper	  vascularisation	  and	  the	  consequent	  altered	  delivery	  of	  oxygen.	  	  To	   test	   whether	   EPO	   acts	   as	   an	   endogenous	   pro-­‐survival	   agent	   in	   the	   retina	   of	  
Hif1aflox/flox;α-­Cre	   mice,	   we	   generated	   Hif1aflox/flox;EpoRflox/flox;	   α-­Cre	   mice	   and	   analyzed	   for	   the	  presence	  of	  any	  sign	  of	  degeneration,	  in	  particular	  in	  the	  senescent	  retina.	  In	  the	  retina	  of	  these	  mice,	  EpoR	   is	   ablated	   in	   the	   same	   cell	   populations	   that	   lack	  HIF1A,	   i.e.	   photoreceptors,	  Müller	  glia,	   and	   a	   subset	   of	   horizontal,	   amacrine	   and	   ganglion	   cells	   of	   the	   retinal	   periphery.	   The	  investigation	  on	  the	  neuroprotective	  effects	  of	  EPO	  is	  thus	  restricted	  to	  the	  aforementioned	  cell	  populations,	   and	   implies	   that	   the	   cytokine	   provides	   its	   neuroprotective	   effects	   through	   EPOR	  signalling.	  At	  6	  months	  of	  age,	  Hif1aflox/flox;EpoRflox/flox;α-­Cre	  mice	  expressed	  significantly	  reduced	  retinal	   Hif1a	   and	   EpoR	   mRNA	   levels	   when	   compared	   to	   control	   animals,	   thus	   validating	   the	  knockdown	   strategy	   (Fig.	   39).	   Hif1aflox/flox;EpoRflox/flox;α-­Cre	   mouse	   retina	   showed	   increased	  expression	  of	  Epo	  (Fig.	  39),	  and	  presented	  the	  same	  vascular	  phenotype	  in	  the	  retinal	  periphery	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as	  described	  for	  Hif1aflox/flox;α-­Cre	  mice	  (Fig.	  44).	  However,	  regardless	  of	  a	  persistent	  upregulation	  of	  Epo	  and	  concomitant	  ablation	  of	  EpoR,	  the	  retinas	  of	  Hif1aflox/flox;EpoRflox/flox;α-­Cre	  mice	  did	  not	  show	   signs	   of	   degeneration	   even	   in	   the	   aging	   retina	   (Fig.	   40,	   41).	   The	   possibility	   that	   other	  receptors,	   e.g.	   βCR,	  may	   be	   involved	   in	  mediating	   EPO	   neuroprotective	   effects	   is	   still	   unclear.	  Despite	   the	   absence	   of	   obvious	   signs	   of	   neuropathy,	   the	   expression	   of	  Gfap	   was	   increased	   by	  astrocytes	   in	   the	  Hif1aflox/flox;EpoRflox/flox;α-­Cre	   retina	   (Fig.	   42).	   Furthermore,	   the	  morphology	   of	  the	   stellate	   glia	   showed	   a	   reduction	   in	   astroglial	   protrusions	   (Fig.	   43).	   This	   phenotype	   is	  reminiscent	   of	   the	   hypoplastic	   astroglial	   network	   described	   by	   Nakamura-­‐Ishizu	   et	   al	   in	   the	  
Hif1aflox/flox;α-­Cre	   mouse	   retina	   and	  may	   thus	   not	   be	   due	   to	   the	   EpoR	   knockdown	   (Nakamura-­‐Ishizu	  et	  al.,	  2012).	  In	   conclusion,	   it	   appears	   that	   the	   increased	   mRNA	   expression	   of	   Epo	   measured	   upon	  ablation	  of	  Hif1a	   in	   the	   retinal	   periphery	   is	  most	   probably	  not	   responsible	   for	   providing	   long-­‐standing	   neuroprotection,	   at	   least	   not	   by	   the	   activation	   of	   EPOR	   downstream	   signalling	  pathways.	  	  	  
5.8 Epo,	  EpoR,	  and	  Csf2rb	  (βCR)	  Are	  Expressed	  in	  The	  Retina	  
Epo	  has	  been	  previously	  described	  to	  be	  endogenously	  expressed	  in	  the	  retina	  (Grimm	  et	  al.,	  2002).	  Epo	  may	  be	  expressed	  by	  Müller	  cells	  (Fu	  et	  al.,	  2008)	  and/or	  cells	   found	  in	  the	  GCL	  (Scheerer	   et	   al.,	   2010).	   Data	   obtained	   from	   mice	   lacking	   Hif1a	   or	   Vhl	   in	   rod	   photoreceptors	  indirectly	   support	   such	   a	   conclusion,	   and	   rule	   out	   photoreceptors	   as	   main	   source	   of	   EPO	  secretion	  (Thiersch	  et	  al.,	  2009;	  Lange	  et	  al.,	  2011b).	  The	  expression	  profile	  of	  Epo	   in	   the	  post-­‐natal	  mouse	  retina	  shows	  a	  modest	  increase	  of	  expression	  at	  around	  two	  weeks	  after	  birth	  (Fig.	  48).	   Since	  Epo	   is	   induced	   by	  HIFs	   (Fandrey,	   2004),	   the	   hypoxic	   episode	   occurring	   in	   the	   post-­‐natal	  mouse	  retina	  may	  explain	  this	  observation	  (Chapter	  1.3.4).	  The	  extent	  of	  Epo	   induction	  at	  PND	  15	  (2.5	  fold)	  is	  not	  comparable	  to	  the	  increase	  in	  expression	  when	  animals	  are	  exposed	  to	  hypoxia	   (roughly	   6-­‐fold	   for	   7%	   O2)	   (compare	   Fig.	   48	   and	   54).	   However,	   the	   extent	   of	   Epo	  induction	  is	  proportional	  to	  the	  severity	  of	  hypoxia:	  a	  strong	  expression	  is	  measured	  at	  10%	  O2,	  intermediate	   induction	   was	   observed	   at	   14%	   O2	   while	   Epo	   was	   not	   upregulated	   at	   18%	   O2	  
Discussion	  
	   141	  
(Grimm	  et	  al.,	  2002).	  Thus,	  the	  mechanism	  of	  Epo	   induction	  in	  the	  post-­‐natal	  mouse	  retina	  may	  be	  controlled	  by	  the	  presence	  of	  a	  relatively	  mild	  hypoxic	  event	  in	  the	  post-­‐natal	  retina.	  It	  is	  also	  important	   to	   note	   that	   Epo	   transcripts	   are	   not	   present	   at	   high	   levels	   in	   the	   normoxic	   retina	  (Chapter	  4.9).	  This	  conclusion	  is	  based	  on	  measurement	  of	  gene	  expression	  by	  semi-­‐quantitative	  real-­‐time	   PCR	   and	   suggests	   that	   EPO	   may	   exert	   its	   neuroprotective	   activities	   only	   when	   its	  secretion	  is	  augmented,	  e.g.	  under	  hypoxic	  conditions	  or	  upon	  exogenous	  applications.	  	  
EpoR	   transcripts	   accumulate	   at	   elevated	   levels	   in	   the	   INL	   and	  GCL	   (Colella	   et	   al.,	   2011).	  Our	  data	  on	  the	  expression	  of	  EpoR	   in	  retinal	  nuclear	  layers	  confirm	  this	  observation,	  and	  most	  importantly	  rule	  out	  photoreceptors	  as	  neurons	  expressing	  high	   levels	  of	  EpoR	  (Fig.	  50).	  Based	  on	  these	  considerations,	  we	  conclude	  that	  the	  EpoR	  is	  transcribed	  predominantly	  in	  neurons	  and	  presumably	  Müller	  cells	  of	  the	  inner	  retina.	  The	  strong	  increase	  in	  expression	  of	  EpoR	  measured	  at	   PND	   10	   could	   be	   related	   to	   retinal	   hypoxia	   (Fig.	   48).	   Neural	   cells	   lacking	   EpoR	   showed	  increased	   sensitivity	   to	   hypoxia	   in	   vitro	   (Chen	   et	   al.,	   2007).	   Similarly,	   retinal	   cells	  may	   induce	  
EpoR	  transcription	  to	  survive	  the	  period	  of	  hypoxia	  occurring	  in	  the	  post-­‐natal	  retina.	  Numerous	  studies	  suggest	  that	  EPOR	  protein	  expression	  can	  be	  induced	  by	  hypoxia	  or	  ischemia,	  as	  has	  been	  demonstrated	   for	   example	   in	   the	   ischemic	   brain	   (Li	   et	   al.,	   2007),	   carotid	   bodies	   (Lam	   et	   al.,	  2009),	  HMVEC-­‐L	  cells	   (Beleslin-­‐Cokic	  et	  al.,	  2011),	  or	   in	   the	  retina	   (Junk	  et	  al.,	  2002).	  But,	   it	   is	  important	   to	  mention	   that	  most	  of	   the	  aforementioned	  studies	   investigate	  EPOR	  protein	   levels	  but	  did	  not	   analyze	  expression	  at	   the	   transcriptional	   level,	  which	  may	  differ	   and	  not	   show	   the	  same	   degree	   of	   upregulation.	   The	   commercially	   available	   anti-­‐EPOR	   antibodies	   have	   been	  suggested	   to	   give	   unreliable	   results	   (Elliott	   et	   al.,	   2006;	   Kirkeby	   et	   al.,	   2007),	   and	   therefore	  caution	  should	  be	  taken	  when	  interpreting	  these	  studies.	  Our	  observations	  suggest	  that	  exposure	  of	   mice	   to	   hypoxia	   does	   not	   cause	   increased	   expression	   of	   EpoR	   (Fig.	   49).	   Alternatively,	   the	  strong	   induction	   of	  EpoR	   expression	   in	   the	   post-­‐natal	   retina	   could	   rely	   on	   an	   upregulation	   of	  
EpoR	   expression	   in	   specific	   retinal	   cells	   upon	   differentiation	   of	   RPCs.	   Chen	   and	   co-­‐workers	  reported	  that	  neural	  progenitors	  express	  higher	  levels	  of	  EPOR	  than	  mature	  neurons	  (Chen	  et	  al.,	  2007).	  However,	   this	  may	  not	  be	  the	  case	  for	  the	  retina,	  where	  RPCs	  may	  express	   low	  levels	  of	  EPOR.	  Bipolar	  and	  Müller	  cells	  are	  among	  the	  last	  retinal	  cell	  populations	  to	  differentiate	  during	  post-­‐natal	  development	  (Levine	  and	  Green,	  2004).	  Increased	  levels	  of	  EpoR	  transcripts	  are	  found	  in	   the	   INL	   of	   the	   adult	  mouse	   retina	   (Colella	   et	   al.,	   2011),	   the	   nuclear	   layer	   where	   somata	   of	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Müller	  and	  bipolar	  cells	  are	  found.	  These	  evidences	  suggest	  that	  the	  increase	  in	  EpoR	  expression	  could	  be	  related	  to	  the	  generation	  of	  Müller	  glia	  and/or	  bipolar	  cells.	  But,	  elevated	  levels	  of	  EpoR	  transcripts	   have	   been	   found	   also	   in	   RGCs	   (Colella	   et	   al.,	   2011),	   and	   these	   retinal	   neurons	  differentiate	   early	   during	   embryogenesis	   (Levine	   and	   Green,	   2004).	   Hence,	   additional	  mechanisms	  beside	  hypoxia	  or	  cell	  differentiation	  may	  induce	  EpoR	  expression	  in	  the	  retina.	  	  Expression	   of	   Csf2rb	   (βCR)	   has	   been	   previously	   described	   in	   the	   mouse	   retina,	   in	  particular	  in	  the	  INL	  and	  GCL	  (Colella	  et	  al.,	  2011).	  We	  also	  detected	  expression	  of	  the	  cytokine	  co-­‐receptor	   in	   the	   post-­‐natal	   mouse	   retina.	   In	   contrast	   to	   EpoR,	   the	   profile	   of	   Csf2rb	   (βCR)	  expression	  did	  not	   show	  particular	   trends	  during	  development	  or	   in	   the	   adult	   retina	   (Fig.	   48).	  The	   proposed	   role	   for	   EPOR/βCR	   heterodimers	   in	   mediating	   tissue	   protective	   effects	   of	   EPO	  implies	   that	  both	  heteroreceptor	  subunits	  are	  expressed	   in	   the	  same	  cell	  population	   (Brines	  et	  al.,	   2004).	   The	   observations	   made	   by	   Colella	   et	   al	   about	   the	   localization	   of	   EpoR	   and	   Csf2rb	  transcripts	  in	  the	  INL	  and	  GCL	  support	  this	  hypothesis	  (Colella	  et	  al.,	  2011).	  	  
	  
5.9 Absence	  of	  EpoR	  Does	  not	  Affect	  Retinal	  Development,	   Function	  
and	  Tissue	  Survival	  
To	  examine	   the	   function	  of	  endogenous	  EPO	   in	   the	  retina,	   I	  generated	  and	  analyzed	  Epo	  conditional	  knockdown	  mice	   (data	  not	  presented).	  Knockdown	  of	  Epo	   in	   the	   retinal	  periphery,	  rod	  photoreceptors,	  and	  retinal	  glia	  was	  carried	  out	  by	  generating	  Epoflox/flox;α-­Cre,	  Epoflox/flox;Opn-­
Cre,	   and	  Epoflox/flox;Pdgfra-­Cre	  mice,	   respectively.	  However,	   analysis	   of	   gene	   expression	   in	   these	  mice	  showed	  elevated	  basal	  expression	  levels	  of	  Epo	  in	  Epoflox/flox	  mice	  as	  compared	  to	  BL6/JFue	  and	   129S6	   wild-­‐type	   mice	   (data	   not	   shown).	   These	   results,	   together	   with	   data	   obtained	   by	  Zeigler	  et	  al,	   suggest	   that	   regulation	  of	  Epo	   expression	   in	  Epoflox/flox	  mice	   is	   compromised,	  most	  probably	  due	  to	  insertion	  of	  loxP	  sites	  in	  the	  Epo	  locus	  (Zeigler	  et	  al.,	  2010).	  	  Based	   on	   these	   observations,	   we	   decided	   to	   terminate	   the	   analysis	   of	   Epo	   knockdown	  mice,	  and	  concentrated	  on	  the	  examination	  of	  EpoR	  knockdown	  mice.	  To	  investigate	  the	  roles	  of	  
EpoR	  in	  the	  retina	  during	  post-­‐natal	  development	  and	  in	  the	  adult	  tissue,	  we	  ablated	  EpoR	  either	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in	   rod	   photoreceptors	   (EpoRflox/flox;Opn-­Cre),	   or	   in	   a	   heterogeneous	   population	   of	   cells	   in	   the	  retinal	  periphery	  (EpoRflox/flox;α-­Cre).	  	  Knockdown	  in	  the	  retinal	  periphery	  showed	  a	  significant	  decrease	  of	  EpoR	  mRNA	  levels,	  confirming	   the	   validity	   of	   the	   knockdown	   strategy	   (Fig.	   49B2).	   On	   the	   other	   hand,	   EpoR	  expression	   in	   the	   total	   retina	  of	  EpoRflox/flox;Opn-­Cre	  mice	  was	  not	  measurably	  decreased	  as	  we	  expected	  (Fig.	  49A2).	  Nonetheless,	  EpoR	  transcripts	  were	  reduced	  in	  the	  ONL	  of	  EpoRflox/flox;Opn-­
Cre	   mice,	   even	   though	   the	   knockdown	   did	   not	   reach	   statistical	   significance.	   Importantly,	   the	  comparison	  of	  EpoR	  mRNA	   levels	   in	   retinal	   layers	   revealed	   that	   this	  gene	   in	  expressed	  at	  very	  low	  levels	  in	  the	  ONL	  when	  compared	  to	  the	  INL	  and	  GCL	  (Fig.	  50).	  It	  is	  thus	  not	  surprising	  that	  a	  decrease	  in	  EpoR	  expression	  in	  photoreceptors	  is	  hardly	  detectable	  when	  expression	  is	  measured	  in	   total	   retinal	  extracts.	   In	  addition,	  detection	  of	   the	  knockdown	  of	  EpoR	   is	   complicated	  by	   the	  transcription	  of	  Cre	  only	  in	  a	  fraction	  of	  rod	  photoreceptors	  in	  the	  Opn-­Cre	  mouse	  (Fig.	  24).	  	  Chen	  and	  co-­‐workers	  showed	  that	  EpoR-­‐null	  mice	  have	   less	  neural	  progenitor	  cells.	  This	  suggests	   that	   endogenous	   EPO-­‐EPOR	   signalling	   supports	   cell	   viability	   in	   the	   embryonic	   brain	  (Chen	  et	  al.,	  2007).	  In	  the	  α-­Cre	  mouse,	  expression	  of	  Cre	  recombinase	  has	  been	  reported	  to	  start	  at	  embryonic	  stages	  (Marquardt	  et	  al.,	  2001),	  and	  therefore	  ablation	  of	  EpoR	  is	  expected	  to	  occur	  in	   RPCs.	   Unexpectedly,	   no	   morphological	   or	   functional	   defect	   was	   observed	   that	   could	   hint	  towards	   increased	  apoptosis	  of	  progenitor	   cells	   in	   the	   retina	  of	  EpoRflox/flox;α-­Cre	  mice	   (Fig.	   51,	  53).	  A	  detailed	  analysis	  of	  apoptotic	  cells	  in	  the	  embryonic	  and	  post-­‐natal	  retina	  of	  EpoRflox/flox;α-­
Cre	   mice	   would	   give	   more	   insights	   on	   this	   issue.	   These	   observations	   altogether	   strongly	   hint	  towards	   the	   absence	   of	   a	   crucial	   role	   for	   endogenous	   EPO-­‐EPOR	   signalling	   in	   the	   mouse	  embryonic	   retina.	   In	   a	   similar	   manner,	   the	   absence	   of	   any	   developmental	   and	   functional	  consequences	  of	  EpoR	  knockdown	  in	  rod	  photoreceptors	  (Fig.	  51,	  53)	  could	  be	  explained	  by	  the	  low	   levels	   of	   expression	   of	   EpoR	   in	   the	   ONL.	   This	   insinuates	   that	   this	   protein	   does	   not	   have	  fundamental	   direct	   roles	   for	   photoreceptor	   physiology	   and	   survival.	   This	   is	   confirmed	   by	   the	  integrity	   of	   the	   retinal	   tissue	   in	   aging	   mice,	   which	   do	   not	   show	   signs	   of	   photoreceptor	  degeneration	  in	  the	  senescent	  retina	  (Fig.	  51).	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5.10 Increased	   EPOR	   Signalling	   May	   Be	   Present	   in	   the	   Retina	   of	  
EpoRflox/flox;α-­‐Cre	  Mice	  
Beside	  the	  membrane-­‐bound	   isoform,	  we	  also	  detected	  expression	  of	  sEpoR,	  as	  has	  been	  previously	  reported	  for	  the	  brain	  (Soliz	  et	  al.,	  2007)	  (Fig.	  49).	  Based	  on	  a	  study	  published	  by	  Soliz	  
et	  al,	  the	  soluble	  isoform	  of	  EPOR	  is	  thought	  to	  act	  as	  a	  negative	  regulator	  of	  EPO	  signalling.	  The	  soluble	   isoform	   consists	   of	   the	   extracellular	   domain	   and	   binds	   EPO,	   thereby	   sequestering	   the	  cytokine,	   preventing	   it	   from	   binding	   to	   the	  membrane-­‐bound	   EPOR,	   and	   thus	   from	   activating	  intracellular	  signalling	  cascades	  (Soliz	  et	  al.,	  2007;	  Khankin	  et	  al.,	  2010).	  It	  is	  well	  established	  that	  soluble	   receptors	   frequently	  modulate	   cytokine	   signalling	  by	   stabilizing	   the	   cytokine,	   changing	  its	  concentrations,	  or	  modifying	  its	  interaction	  with	  the	  membrane	  bound	  receptor	  (Maynard	  et	  al.,	  2003;	  Venkatesha	  et	  al.,	  2006).	  For	  example,	  intravitreal	  injection	  of	  sEPOR	  in	  a	  rat	  model	  of	  retinal	   detachment	   led	   to	   increased	   photoreceptor	   apoptosis	   (Chen	   et	   al.,	   2012),	   and	   co-­‐application	   of	   EPO	   and	   sEPOR	   blocked	   the	   protective	   effects	   of	   EPO	   in	   an	   in	   vitro	   model	   of	  cerebral	  ischemia	  (Ruscher	  et	  al.,	  2002).	  The	  soluble	  form	  of	  EPOR	  could	  have	  a	  similar	  function	  in	   the	   retina	   and	   abrogate	   EPO-­‐EPOR	   signalling	   by	   sequestering	   endogenous	   EPO.	   As	   a	  consequence,	   EPO-­‐EPOR	   signalling	   in	   the	   retina	   may	   only	   occur	   under	   conditions	   where	   EPO	  protein	  levels	  are	  elevated,	  such	  as	  under	  hypoxia	  or	  upon	  exogenous	  applications.	  Intriguingly,	  the	   expression	   of	   sEpoR	   is	   reduced	   in	   hypoxia	   (Soliz	   et	   al.,	   2007;	   Brugniaux	   et	   al.,	   2011),	   thus	  allowing	  an	  advanced	  modulation	  of	  the	  EPO	  response	  under	  these	  conditions.	  	  Which	  EpoR	  splice	  variant	  does	  each	  retinal	  cell	  population	  express?	  Ablation	  of	  EpoR	   in	  the	   retinal	   periphery	   caused	   a	   strong	   and	   significant	   decrease	   in	   sEpoR	   transcript	   levels	   (Fig.	  49B3),	   relatively	   stronger	   than	   the	   reduction	   in	  mEpoR	   expression	   (Fig.	   49B3).	   Based	   on	   this	  observation,	   we	   can	   deduce	   that	   the	   cellular	   subpopulation	   that	   is	   CRE-­‐positive	   in	   the	  
EpoRflox/flox;α-­Cre	   retina	   is	   expressing	   elevated	   levels	   of	   sEpoR	   expression	   under	   normal	   (CRE-­‐negative)	  conditions.	  Unfortunately,	  it	  is	  hard	  to	  make	  any	  assumption	  about	  the	  identity	  of	  the	  retinal	   cell	   types	   that	   express	   sEpoR,	   due	   to	   the	   heterogeneous	   population	   of	   cells	   undergoing	  CRE-­‐mediated	   recombination	   in	   the	  α-­Cre	  mouse	   retina.	   Nevertheless,	   based	   on	   the	   unaltered	  expression	  of	  sEpoR	  in	  the	  retina	  of	  EpoRflox/flox;Opn-­Cre	  mice,	  we	  suggest	  that	  rod	  photoreceptors	  do	  not	  participate	  in	  the	  secretion	  of	  sEPOR	  (Fig.	  49A3).	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Cells	  not	   affected	  by	  EpoR	   ablation	   (cells	   that	  do	  not	   express	  Cre)	   could	   show	   increased	  EPO-­‐EPOR	   signalling	   due	   to	   decreased	   expression	   of	   the	   sEpoR	   in	   the	  EpoRflox/flox;α-­Cre	  mouse	  retina.	   In	   fact,	   a	   diminished	   secretion	   of	   sEPOR	  would	   result	   in	   reduced	   sequestration	   of	   EPO,	  thus	   allowing	   augmented	   binding	   to	   the	  membrane-­‐bound	   EPOR.	   On	   the	   other	   hand,	   reduced	  EPO-­‐EPOR	  signalling	  would	  be	  expected	  for	  retinal	  cells	  affected	  by	  EpoR	  ablation	  (cells	  that	  do	  express	  Cre),	  in	  particular	  when	  the	  transcription	  of	  an	  EPOR-­‐signalling	  target	  gene	  expressed	  by	  these	   cells	   is	   analyzed.	   This	   hypothesis	   is	   highly	   speculative	   and	   needs	   additional	   support	   by	  experimental	  data.	  Nevertheless,	   it	  could	  partially	  explain	  some	  of	  the	  results	  obtained	  by	  gene	  expression	  analysis	  (see	  below).	  	  In	   order	   to	   gain	   knowledge	   on	   the	   signalling	   pathways	   activated	   or	   deactivated	   in	   the	  absence	   of	   EPOR,	   as	   well	   as	   the	   resulting	   changes	   in	   gene	   expression,	   we	   exposed	   EpoR	  knockdown	   mice	   to	   hypoxia	   and	   isolated	   retinas	   immediately	   after	   the	   hypoxic	   exposure	   for	  analysis.	   This	   experimental	   procedure	   results	   in	   an	   increased	   expression	   of	   Epo	   in	   the	   retina	  	  (Fig.	  54),	  and	  is	  thus	  expected	  to	  show	  activation	  of	  EPO-­‐EPOR	  signalling.	  Different	  intracellular	  pathways	   are	   modulated	   by	   EPO-­‐EPOR	   signalling	   in	   neuronal	   cells.	   These	   include	  phosphorylation	   of	   JAK2/STAT3/5	   (Kretz	   et	   al.,	   2005;	   Zhang	   et	   al.,	   2007),	   activation	   of	   the	  PI3K/AKT	   pathway	   (Siren	   et	   al.,	   2001a;	   Digicaylioglu	   et	   al.,	   2004),	   phosphorylation	   of	  MAPKs	  such	  as	  ERK1/2	  (Kilic	  et	  al.,	  2005a),	  and	  NFκB	  nuclear	   translocation	  (Digicaylioglu	  and	  Lipton,	  2001).	   In	  EpoR	   knockdown	   retinas	  we	  detected	  only	  minor	   changes	   in	   the	  phosphorylation	  or	  expression	  of	  protein	  members	  of	   the	  aforementioned	  signalling	  pathways.	  Ablation	  of	  EpoR	   in	  rod	  photoreceptors,	  or	  in	  the	  peripheral	  retina,	  resulted	  in	  a	  minor	  increase	  in	  phosphorylation	  of	  STAT3	  in	  hypoxia,	  even	  though	  this	  was	  not	  statistically	  significant.	  In	  addition,	  decreased	  AKT	  protein	   levels	   were	   measured	   under	   hypoxic	   conditions	   upon	   ablation	   of	   EpoR	   in	   the	   retinal	  periphery	  (Fig.	  57).	  The	  absence	  of	  major	  modifications	  in	  intracellular	  signalling	  under	  hypoxic	  conditions	  in	  EpoR	  knockdown	  retinas	  is	  surprising.	  Exposure	  of	  mice	  to	  hypoxia	  was	  expected	  to	  increase	   EPO-­‐EPOR	   signalling	   due	   to	   the	   increased	   secretion	   of	   the	   cytokine.	   A	   possible	  explanation	  for	  the	  absence	  of	  major	  effects	  could	  rely	  on	  the	  timing	  chosen	  for	  tissue	  isolation	  after	   the	  hypoxic	  exposure	  (immediate,	  without	  reoxygenation).	   In	  order	   to	  observe	  significant	  changes	  in	  intracellular	  signalling,	  a	  longer	  interval	  of	  reoxygenation	  could	  be	  required.	  	  The	  gene	  expression	  profile	  in	  EpoR	  knockdown	  mice	  gave	  unexpected	  and	  contradictory	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results.	  In	  the	  retina	  of	  EpoRflox/flox;Opn-­Cre	  mice	  exposed	  to	  hypoxia,	  Vegfa,	  Nos2(iNos),	  and	  Mt2	  were	  differentially	  regulated	  when	  compared	  to	  controls.	  However,	  EpoR	  expression	  is	  relatively	  low	   in	   the	   ONL	   and	   the	   knockdown	   did	   not	   reach	   statistical	   significance	   in	   the	   ONL	   of	  
EpoRflox/flox;Opn-­Cre	   mice.	   This	   suggests	   that	   rod	   photoreceptors	   may	   not	   require	   EPO-­‐EPOR	  signalling	   for	   their	   physiology	   and	   function.	   Considering	   that	   no	   morphological	   defects	   were	  observed,	  the	  relatively	  minor	  chnges	  in	  the	  expression	  of	  Vegfa,	  Nos2(iNos),	  and	  Mt2	  may	  not	  be	  biologically	   relevant.	   Similarly,	   the	   changes	   in	   gene	   /	   protein	   in	   the	   retina	   of	  EpoRflox/flox;α-­Cre	  mice	   did	   not	   show	   elevated	   alterations	   when	   compared	   to	   control	   littermates.	   However,	   it	   is	  interesting	  to	  note	  that	  for	  those	  genes	  that	  were	  expected	  to	  show	  decreased	  expression	  in	  the	  absence	  of	  EPOR,	  an	  increase	  in	  expression	  was	  measured,	  and	  the	  opposite	  was	  true	  for	  those	  genes	   that	   were	   expected	   to	   be	   upregulated	   in	   EpoRflox/flox;α-­Cre	   mice.	   Modulation	   of	   EPOR	  downstream	  signalling	  has	  been	  shown	  to	  alter	  the	  expression	  of	  a	  plethora	  of	  genes,	   that	  may	  eventually	  contribute	  to	  the	  effects	  of	  EPO	  for	  cell	  survival	  (Chateauvieux	  et	  al.,	  2011;	  Singh	  et	  al.,	  2012).	   For	   example,	   intracellular	   signalling	   events	   elicited	  by	  EPOR	  activation	   also	   include	   the	  upregulation	  of	  anti-­‐apoptotic	  proteins	   such	  as	  BCL2L1(BCL-­‐XL)	   (Wen	  et	  al.,	  2002;	  Renzi	  et	  al.,	  2002)	   and	   BCL2	   (Yamasaki	   et	   al.,	   2005),	   together	   with	   the	   downregulation	   of	   pro-­‐apoptotic	  proteins	  such	  as	  CASP1	  (Grimm	  et	  al.,	  2002).	  We	  did	  not	  detect	  changes	  in	  the	  expression	  of	  Bcl2	  and	   Bcl2l1(BclXL)	   in	   the	   retina	   of	   EpoR	   knockdown	   mice	   (Fig.	   55).	   Ablation	   of	   EpoR	   in	   the	  peripheral	   retina	   led	   to	   a	   reduced	   Casp1	   expression	   under	   hypoxic	   conditions	   (Fig.	   55B).	   The	  reduced	  expression	  of	  Casp1	  could	  be	  related	  to	  a	  reduced	  secretion	  of	  sEPOR	  and	  the	  resulting	  increase	   in	   “free”	   EPO	   in	   the	   retinal	   milieu.	   This	   event	   would	   result	   in	   increased	   EPO-­‐EPOR	  signalling	   in	   cells	   not	   affected	   by	   EpoR	   ablation,	   for	   example	   cells	   in	   the	   central	   retina	   of	  
EpoRflox/flox;α-­Cre	  mice.	   Assembly	   of	   the	   APAF1	   oligomer	   known	   as	   	   “apoptosome”,	   a	   caspase-­‐activating	  complex,	  is	  the	  central	  point	  in	  the	  mitochondrial	  pathway	  of	  apoptosis. Mitochondrial	  release	  of	  cytochrome	  c	  is	  a	  key	  mechanism	  in	  the	  apoptotic	  cascade	  that	  can	  result	  in	  activation	  of	  caspases	  (Reubold	  and	  Eschenburg,	  2012).	  Formation	  of	  the	  apoptosome	  is	  driven	  by	  binding	  of	  cytochrome	  c	  to	  APAF1	  in	  the	  presence	  of	  ATP	  (Cain	  et	  al.,	  2002).	  EPO	  has	  shown	  to	  prevent	  apoptosis	   by	   reducing	   the	   expression	   of	   Apaf1	   (Chong	   et	   al.,	   2003a;	   Shang	   et	   al.,	   2011a).	  We	  expected	  to	  observe	   increased	  expression	  of	  Apaf1	  as	  a	  consequence	  of	  knockdown	  of	  EpoR.	   In	  spite	   of	   this,	   ablation	   of	  EpoR	   in	   the	   retinal	   periphery	   resulted	   in	   a	   decrease	   in	   expression	   of	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Apaf1	  (Fig.	  55B).	  As	  in	  the	  case	  of	  Casp1	  (se	  above),	  the	  decreased	  expression	  of	  Apaf1	  might	  be	  explained	  by	  increased	  EPO-­‐EPOR	  signalling	  in	  cells	  of	  the	  central	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  due	   to	   reduced	   sEpoR	   expression	  and,	  probably,	   secretion.	  The	   tissue	  protective	  effects	  of	  EPO	  are	  also	  related	  to	  the	  production	  of	  neurotrophic	  factors,	  such	  as	  BDNF.	  This	  neurotrophic	  factor	  is	  induced	  by	  treatments	  with	  rhEPO	  (Viviani	  et	  al.,	  2005).	  We	  observed	  increased	  expression	  of	  
Bdnf	  in	  the	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  kept	  under	  hypoxic	  conditions	  (Fig.	  55B).	  Müller	  cells	  and	   RGCs	   have	   been	   identified	   as	   source	   of	   Bdnf	   expression	   under	   different	   experimental	  conditions	  (Perez	  and	  Caminos,	  1995;	  Vecino	  et	  al.,	  1998;	  Seki	  et	  al.,	  2005;	  Hu	  et	  al.,	  2011).	  Based	  on	  our	  data,	  we	  suggest	   that	  Müller	  cells	  or	  RGCs	   in	  the	  central	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  may	  express	  higher	   levels	  of	  Bdnf	  due	   to	   increased	  EPO-­‐EPOR	  signalling.	  Retinal	   stress	  and/or	  injury	  induce	  a	  gliotic	  response	  that	  is	  characterized	  by	  increased	  expression	  of	  Gfap	  in	  activated	  Müller	   cells	   (Bringmann	   and	   Wiedemann,	   2011).	   Exogenous	   applications	   of	   rhEPO	   have	   the	  ability	   to	   lessen	   the	   gliotic	   response,	   an	   effect	   that	   has	   been	   demonstrated	   by	   reduced	   Gfap	  expression	  and	  immunoreactivity	  of	  Müller	  cells	  in	  various	  disease	  models	  (Hu	  et	  al.,	  2011).	  We	  detected	  a	  reduction	  in	  Gfap	  gene	  and	  protein	  expression	  in	  the	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  (Fig.	  56B,	  57B),	  a	  result	  that	  is	  in	  line	  with	  the	  aforementioned	  observations	  that	  suggest	  for	  the	  presence	  of	  augmented	  EPO-­‐EPOR	  signalling	  in	  these	  mice.	  Taken	   together,	   the	  data	   obtained	   from	   the	   analysis	   of	   gene	   /	  protein	   expression	   in	   the	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  are	  controversial	  and	  need	  further	  investigation.	  Different	  factors	  may	  explain	  these	  observations.	  The	  strong	  reduction	  in	  expression	  (and	  presumably	  secretion)	  of	  sEpoR	  in	  the	  peripheral	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  may	  result	  in	  an	  increased	  availability	  of	   “free”	   EPO.	   This	   may	   eventually	   lead	   to	   increased	   EPO-­‐EPOR	   signalling	   under	   hypoxic	  conditions	  in	  the	  peripheral	  and	  especially	  central	  retina	  of	  EpoRflox/flox;α-­Cre	  mice.	  An	  additional	  component	  could	  rely	  on	  the	  identity	  of	  the	  cell	  populations	  affected	  by	  EpoR	  knockdown.	  Signs	  of	   increased	   EPO-­‐EPOR	   signalling	  may	   be	  measured	   in	   cells	   where	   Cre	   is	   not	   expressed	   (and	  EPOR	  is	  present).	  This	  phenomenon	  is	  revealed	  when	  the	  analysis	  of	  expression	  is	  performed	  for	  a	  particular	  gene	  or	  protein	  of	   interest	  that	   is	  expressed	  in	  these	  retinal	  cells.	  For	  example,	   the	  unexpected	   increase	   in	   expression	   of	   Casp1,	  Apaf1,	   and	  Bdnf	   in	   the	   retina	   of	   EpoRflox/flox;α-­Cre	  mice	   may	   be	   a	   result	   of	   increased	   availability	   of	   EPO	   in	   the	   central	   retina	   due	   to	   reduced	  secretion	  of	  sEPOR.	  On	  the	  other	  side,	  retinal	  cell	  populations	  undergoing	  CRE-­‐mediated	  ablation	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of	  EpoR	  would	  show	  a	  reduction	  in	  EPO-­‐EPOR	  signalling,	   independently	  of	  the	  concentration	  of	  sEPOR	   in	   the	   retinal	  milieu.	  Nevertheless,	   further	   investigation	   is	   required	   to	  deeply	   study	   the	  influences	   of	   reduced	   sEpoR	   expression	   in	   the	   retina	   of	   EpoRflox/flox;α-­Cre	   mice.	   For	   example,	  sEPOR	  protein	   levels	   should	  be	  measured	   to	   confirm	   the	  downregulation	  of	   sEpoR	   transcripts.	  	  Also,	  intravitreal	  injections	  of	  sEPOR,	  in	  concomitance	  with	  rhEPO	  or	  under	  hypoxic	  conditions,	  could	  give	  more	  insights	  on	  EPO-­‐EPOR	  signalling	  in	  the	  retina.	  In	  conclusion,	  it	  is	  relatively	  difficult	  to	  make	  any	  inference	  about	  EPO-­‐EPOR	  signalling	  in	  the	   retina	   based	   on	   data	   obtained	   from	   the	   EpoR	   knockdown	   lines	   described	   in	   this	   study.	  Analysis	  of	  gene	  and	  protein	  expression	  in	  mice	  with	  an	  efficient	  knockdown	  of	  EpoR	  in	  a	  single	  retinal	   cell	   type	   would	   be	   of	   great	   interest.	   Alternatively,	   the	   consequences	   of	   the	   absence	   of	  EPOR	   in	   the	  retina	  could	  be	  studied	   in	  EPOR-­‐null	  mice	  rescued	  with	  selective	  EpoR	   expression	  driven	   by	   the	   endogenous	  EpoR	   promoter	   in	   hematopoietic	   tissue,	   but	   not	   in	   the	   neural	   cells	  (Chen	  et	  al.,	  2007).	  
5.11 Lack	  of	  EpoR	   in	  Retinal	  Glia	  and	  Neurons	  Does	  not	  Affect	  Retinal	  
Angiogenesis	  
The	  angiogenic	  potential	  of	  EPO	  in	  different	  tissues	  has	  been	  revealed	  over	  the	  past	  years.	  Targeted	   deletion	   of	   Epo	   or	   EpoR	   in	   mice	   severely	   affected	   angiogenesis	   and	   resulted	   in	   a	  reduced	   complexity	   of	   the	   vessel	   networks,	   a	   phenotype	   characterized	   by	   narrower	   vessel	  diameter	  and	  reduced	  vascular	  branching	  (Kertesz	  et	  al.,	  2004).	  The	  angiogenic	  activity	  of	  EPO	  during	  development	  may	  be	  related	  to	  the	  stimulation	  of	  endothelial	  progenitor	  cell	  mobilisation	  or	  proliferation	  (Ribatti	  et	  al.,	  1999).	  Expression	  of	  EpoR	  has	  been	  detected	   in	  various	   types	  of	  vascular	  endothelial	  cells	  (Anagnostou	  et	  al.,	  1990b).	  It	  is	  therefore	  assumed	  that	  the	  angiogenic	  activities	   of	   EPO	   are	   directly	  mediated	   through	   binding	   on	   EPOR	   expressed	   on	   the	   surface	   of	  vascular	   endothelial	   cells.	   In	   the	   α-­Cre	   mouse,	   Cre	   recombinase	   is	   not	   expressed	   in	   vascular	  endothelial	  cells	  (Chapter	  5.1).	  As	  a	  consequence,	  it	  is	  not	  surprising	  that	  the	  retinal	  vasculature	  does	  not	  show	  any	  sign	  of	  developmental	  defect	   in	  EpoRflox/flox;α-­Cre	  mice.	   In	  this	  mouse	  model,	  the	   retinal	   capillary	   plexi	   did	   develop	   correctly,	   blood	   perfusion	   appeared	   as	   normal,	   and	   no	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sings	  of	   leakage	  were	  observed	  (Fig.	  58,	  59).	   It	  would	  be	  of	  great	   interest	   to	  specifically	  ablate	  
EpoR	  in	  vascular	  cells	  and	  analyze	  the	  retinal	  vasculature	  under	  these	  conditions.	  	  We	   did	   not	   expect	   to	   observe	   an	   effect	   on	   post-­‐natal	   retinal	   angiogenesis	   in	  
EpoRflox/flox;Opn-­Cre	  mouse	  retinas,	  since	  in	  this	  model	  the	  ablation	  of	  EpoR	  is	  not	  considered	  to	  be	  efficient	   up	   to	   10	   weeks	   of	   age	   (Chapter	   5.1).	   Therefore,	   EpoRflox/flox;Opn-­Cre	   retinas	   could	   be	  considered	   as	   additional	   control	   animals.	   Indeed,	   a	   correctly	   developed	   and	   fully	   functional	  vasculature	  was	  observed	  in	  these	  mice	  (Fig.	  58,	  59).	  	  
	  
5.12 	  EpoRflox/flox;Opn-­‐Cre	   Mice	   Are	   Not	   Susceptible	   to	   Light-­‐induced	  
Retinal	  Degeneration	  
EPO	   has	   been	   implicated	   as	   modulator	   of	   the	   protective	   effects	   mediated	   by	   hypoxic	  preconditioning	  (Grimm	  et	  al.,	  2002).	  Applications	  of	  rhEPO	  partially	  mimicked	  neuroprotection	  obtained	  with	  the	  preconditioning	  protocol	  (Grimm	  et	  al.,	  2002).	  Also,	  other	  studies	  reported	  on	  the	  beneficial	   effects	   of	   rhEPO	  on	   the	   survival	   of	   stressed	  photoreceptors	   (Grimm	  et	   al.,	   2004;	  Rex	  et	  al.,	  2004,	  2009).	  An	  important	  question	  that	  has	  not	  yet	  been	  answered	  asks	  for	  the	  nature	  of	  the	  intra-­‐	  and	  intercellular	  signalling	  events	  elicited	  by	  this	  cytokine	  in	  the	  retina	  that	  result	  in	  neuroprotection.	  Are	   the	   survival	   effects	  of	  EPO	  mediated	  by	   signalling	   through	  binding	   to	   the	  EPOR	  expressed	  by	  the	  protected	  cell?	  Does	  the	  effect	  involve	  additional	  cells	  types	  stimulated	  by	  EPO	   to	   secrete	   additional	   factors	   that	   ultimately	   provide	   the	   protective	   effects	   and/or	   the	  modulation	   of	   the	   tissue	   milieu?	   To	   answer	   the	   first	   question,	   we	   tested	   for	   the	   presence	   of	  neuroprotection	  upon	  rhEPO	  administrations	  by	  exposing	  EpoRflox/flox;Opn-­Cre	  mice	   to	  cytotoxic	  levels	  of	  light	  to	  induce	  photoreceptor	  apoptosis.	  If	  expression	  of	  EpoR	  by	  photoreceptors	  would	  be	   a	   prerequisite	   for	   neuroprotection,	   absence	   of	   the	   receptor	   would	   aggravate	   the	   damage.	  However,	  we	  found	  a	  constitutive	  protection	  against	  photoreceptor	  apoptosis	  in	  EpoRflox/flox;Opn-­
Cre	  mice,	  irrespective	  of	  the	  treatment	  preceding	  light	  exposure	  (Fig.	  60A).	  This	  phenomenon	  is	  difficult	  to	  explain,	  as	  it	  does	  not	  seem	  plausible	  that	  the	  absence	  of	  EpoR	  in	  rods	  could	  result	  in	  a	  direct	  protective	  effect.	  It	  seems	  more	  likely	  that	  the	  constitutive	  resistance	  to	  light	  damage	  could	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result	  from	  an	  indirect	  effect	  of	  the	  knockdown	  or	  it	  may	  be	  possible	  that	  factors	  associated	  with	  the	  genetic	  background	  of	  Opn-­Cre	  mice	  may	  lead	  to	  insensitivity	  against	  light	  damage.	  	  In	  the	  recent	  past,	  different	  studies	  have	  suggested	  that	  the	  cytoprotective	  effects	  of	  EPO	  may	   be	   mediated	   through	   a	   receptor	   complex	   that	   is	   pharmacologically	   different	   from	   the	  classical	   hematopoietic	   EPOR	   homodimer	   (Leist	   et	   al.,	   2004).	   Brines	   and	   colleagues	   suggested	  that	   a	   heteroreceptor	   complex	   formed	   by	   EPOR	   and	   βCR	   mediates	   these	   protective	   effects	  (Brines	  et	  al.,	  2004).	  In	  this	  sense,	  the	  importance	  of	  the	  activation	  of	  βCR	  has	  been	  demonstrated	  by	   the	   absence	   of	   EPO-­‐mediated	   protective	   effects	   in	   βCR-­‐knockout	   mice	   in	   different	  experimental	  models	  (Brines	  et	  al.,	  2004;	  Coldewey	  et	  al.,	  2013).	  Increased	  activation	  of	  βCR	  may	  result	   in	   augmented	   production	   of	   NO,	   a	   molecule	   that	   has	   demonstrated	   its	   involvement	   in	  tissue	  protection	   (Chen	  et	   al.,	   2010b).	  For	   this	   reason	   it	  would	  be	   important	   to	   investigate	   the	  activation	  of	  βCR	  in	  the	  retina	  of	  EpoRflox/flox;Opn-­Cre	  mice.	  	  The	   contribution	   of	   retinal	   cells	   other	   than	   photoreceptors	   could	   be	   crucial	   for	   the	  protective	  mechanisms	  induced	  by	  EPO.	  The	  low	  expression	  of	  EpoR	  in	  the	  ONL	  compared	  to	  the	  relatively	   higher	   expression	   in	   the	   inner	   retina	   (Fig.	   50)	   points	   towards	   an	   involvement	   of	  paracrine	  mechanisms	  for	  protection	  of	  photoreceptors.	  Other	  retinal	  cells,	  such	  as	  Müller	  cells,	  may	  be	  stimulated	  by	  EPO	  and	  release	  cell	  supportive	  factors	  to	  reduce	  photoreceptor	  apoptosis.	  To	  investigate	  this	  possibility,	  we	  exposed	  EpoRflox/flox;α-­Cre	  mice	  to	  light	  and	  tested	  for	  the	  ability	  of	   EPO	   to	   mediate	   neuroprotective	   effects.	   Unfortunately,	   we	   obtained	   variable	   results	   in	   the	  extent	  of	  photoreceptor	  degeneration	  in	  EpoRflox/flox;α-­Cre	  mice.	  This	  variability	  was	  not	  linked	  to	  the	  experimental	  treatment.	  In	  addition,	  the	  absence	  of	  CRE	  recombination	  in	  the	  central	  retina	  of	  EpoRflox/flox;α-­Cre	  mice	  poses	  some	  questions	  on	  the	  validity	  of	  these	  mice	  in	  the	  light-­‐damage	  setup.	  In	  fact,	  light	  exposure	  has	  damaging	  effects	  predominantly	  in	  the	  central	  (ventral)	  retina.	  This	  area	  is	  not	  expected	  to	  present	  a	  knockdown	  of	  EpoR	   in	  EpoRflox/flox;α-­Cre	  mice.	  Hence,	   it	   is	  difficult	  to	  draw	  conclusions	  on	  such	  experiments.	  As	  alternative,	  retinal	  degeneration	  could	  be	  induced	  by	  other	  experimental	  setups,	  such	  as	  MNU	  injections	  or	  ischemia-­‐reperfusion.	  	  In	   conclusion,	  based	  on	   the	  data	  obtained	   from	   light	  exposure	  of	  EpoR	   knockdown	  mice	  does	   not	   allow	   to	   make	   assumptions	   on	   the	   contribution	   of	   EPO-­‐EPOR	   signalling	   for	  neuroprotection	  upon	  injections	  of	  rhEPO.	  Whether	  the	  insensitivity	  of	  EpoRflox/flox;Opn-­Cre	  mice	  to	   light-­‐induced	   photoreceptor	   apoptosis	   is	   a	   direct	   or	   indirect	   effect	   of	   EpoR	   knockdown	   is	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difficult	  to	  conclude	  based	  on	  our	  data.	  In	  spite	  of	  this,	  the	  lower	  expression	  of	  EpoR	  in	  the	  ONL	  compared	  to	  the	  inner	  retina	  (Fig.	  50)	  hints	  towards	  an	  action	  of	  EPO	  on	  retinal	  cells	  other	  than	  photoreceptors.	  In	  this	  sense,	  activation	  of	  EPOR	  on	  Müller	  cells	  may	  ameliorate	  the	  tissue	  milieu	  and	  provide	  neuroprotection	  of	  photoreceptors	  by	  a	  paracrine	  mechanism	  (Hu	  et	  al.,	  2011;	  Lei	  et	  al.,	  2011).	  To	  verify	  this	  hypothesis,	  a	  mouse	  strain	  with	  a	  specific	  deletion	  of	  EpoR	  in	  Müller	  cells	  should	  be	  tested	  for	  light-­‐induced	  photoreceptor	  apoptosis	  in	  the	  presence	  or	  absence	  of	  rhEPO	  injections.	  This	  would	  give	  more	  insights	  on	  a	  putative	  paracrine	  nature	  of	  the	  tissue-­‐protective	  effects	  mediated	  by	  EPO,	  and	  allow	  to	   investigate	   the	   identity	  of	   the	   factors	  released	  by	  Müller	  cells	  that	  eventually	  support	  photoreceptor	  viability.	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6 Concluding	  Remarks	  and	  Outlook	  
In	  this	  thesis,	  I	  aimed	  to	  unravel/determine	  the	  contribution	  of	  HIF1A	  in	  the	  response	  to	  hypoxic	  episodes	  occurring	   in	   the	  retina.	   Since	   the	  mouse	   retina	   is	  avascular	  at	   the	   time	  when	  retinal	   activity	  begins	  and	  oxygen	   consumption	   increases	   (Fruttiger,	  2007),	  hypoxic	   areas	  may	  develop	  during	  post-­‐natal	  maturation	  of	  the	  retina	  (Chan-­‐Ling	  et	  al.,	  1995).	  The	  accumulation	  of	  HIF1A	   in	   the	   post-­‐natal	   mouse	   retina	   was	   an	   important	   hint	   towards	   a	   central	   role	   for	   this	  transcription	   factor	   in	   counteracting	   tissue	  hypoxia	   in	   this	  period	   (Grimm	  et	  al.,	   2005).	   I	   show	  that	  HIF1A	  is	  required	  for	  the	  development	  of	   the	  retinal	  vasculature.	   In	  the	  absence	  of	  HIF1A,	  retinal	   angiogenesis	   is	   incomplete,	   as	   the	   intermediate	   plexus	   does	   not	   develop	   correctly.	   The	  link	  between	  hypoxia,	  HIF1A,	  and	  angiogenesis	  has	  been	  long	  recognized	  in	  many	  tissues	  (Fraisl	  et	   al.,	   2009).	   In	   the	   retina,	   a	   role	   for	   HIF1A	   in	   developmental	   angiogenesis	   was	   not	   clearly	  established,	  while	  more	  effort	  was	  put	  on	  the	  elucidation	  of	  the	  contribution	  of	  this	  transcription	  factor	   to	   pathological	   neovascularisation	   (Caprara	   and	  Grimm,	   2012).	   Our	   results	   also	   suggest	  that	   initiation	   of	   the	   angiogenic	   process	   does	   not	   require	   HIF1A,	   while	   the	   completion	   of	   the	  process	  may	   require	   this	   transcription	   factor.	  Factors	   such	  as	  EPAS1	   (HIF2A)	   share	   redundant	  roles	  with	  HIF1A	  and	  may	  be	  more	  important	  in	  the	  initiation	  of	  retinal	  angiogenesis.	  Based	  on	  our	  observations,	  absence	  of	  HIF1A	  is	  well	  tolerated	  by	  the	  majority	  of	  neuronal	  and	  glial	  cells	  of	  the	   retina.	   Here	   again,	   EPAS1	   (HIF2A)	   may	   compensate	   for	   the	   absence	   of	   HIF1A	   by	   sharing	  redundant	  roles	  on	  the	  hypoxic	  response.	  	  These	   observations	   are	   highly	   attractive	   in	   the	   perspective	   of	   targeting	   HIF1A	   for	   the	  clinical	   treatment	   of	   retinal	   neovascular	   diseases.	   In	   fact,	   inhibition	   of	   HIF1A-­‐induced	   gene	  expression	  appears	   to	  affect	  angiogenesis	  without	   influencing	  cell	   survival.	  Nevertheless,	  many	  questions	   need	   to	   be	   answered.	   For	   example,	   which	   factors	   regulate	   the	   development	   of	   the	  intermediate	   plexus?	   How	   is	   retinal	   angiogenesis	   initiated	   in	   the	   absence	   of	   HIF1A?	   Is	   the	  survival	  of	  retinal	  cells	  affected	  by	  concomitant	  ablation	  of	  Hif1a	  and	  Epas1	  (Hif2a)?	  	  EPO	   is	  a	   tissue-­‐protective	  cytokine	  endogenously	  secreted	  by	  retinal	  cells	   into	   the	   tissue	  milieu	  (Grimm	  et	  al.,	  2002).	  Another	  aim	  of	  this	  thesis	  was	  to	  investigate	  EPO-­‐EPOR	  signalling	  in	  the	  retina,	  as	  well	  as	  decipher	  its	  roles	  in	  development	  and	  physiology	  of	  the	  tissue.	  Our	  results	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strongly	   suggest	   that	  EPOR	  downstream	  signalling	   is	  dispensable	   for	   a	   correct	  maturation	  and	  survival	   of	   the	   retina.	   Rod	  photoreceptor	   express	   low	   levels	   of	  EpoR,	   in	   contrast	   to	   the	   higher	  expression	   in	  cells	  of	   the	   inner	  retina.	  Also,	  we	  demonstrate	   the	  expression	  of	   the	  sEpoR	   splice	  variant	   in	   the	   retina.	   The	   analysis	   of	   EpoR	   knockdown	   mice	   hints	   towards	   a	   possible	   role	   of	  sEPOR	  in	  counteracting	  endogenous	  EPO-­‐EPOR	  signalling	  in	  the	  retina.	  This	  issue	  needs	  further	  investigation,	  in	  particular	  to	  identify	  retinal	  cells	  responsible	  for	  the	  secretion	  of	  sEPOR.	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βCR:	  β	  common	  receptor	  
ACTB:	  actin	  beta	  
ADM:	  adrenomedullin	  
adRP:	  autosomal	  dominant	  RP	  
AKT:	  ak	  thymoma/protein	  kinase	  B	  
AMD:	  age-­‐related	  macular	  degeneration	  
AMPA:	  α-­‐amino-­‐3-­‐hydroxy-­‐5-­‐methyl-­‐4-­‐isoxazolepropionic	  acid	  
ANG1:	  angiopoietin	  1	  
ANG:	  angiopoietin	  	  
APAF1:	  apoptotic	  peptidase	  activating	  factor	  1	  
ARNT:	  aryl	  hydrocarbon	  receptor	  nuclear	  translocator	  
ASN:	  asparagine	  
ATP:	  adenosine	  triphosphate	  
BBB:	  blood-­‐brain	  barrier	  
BCL2:	  B	  cell	  leukemia/lymphoma	  2	  
BCL2L1:	  BCL2-­‐like	  1/	  BCLXL	  
BDNF:	  brain-­‐derived	  neurotrophic	  factor	  
bHLH:	  basic	  helix-­‐loop-­‐helix	  
BRAO:	  branch	  retinal	  artery	  occlusion	  
BRB:	  blood-­‐retina	  barrier	  
BRN3A:	  brain-­‐specific	  homeobox/POU	  domain	  protein	  3A	  
CALB1:	  calbindin	  1	  
CALB2:	  calbindin	  2	  (calretinin)	  
CASP1:	  caspase	  1	  
CBP:	  CREB	  binding	  protein	  
CDC42:	  cell	  division	  cycle	  42	  
CEBP/D:	  CCAAT/enhancer	  binding	  protein	  delta	  
cGMP:	  cyclic	  guanosine	  monophosphate	  
CHX10:	  ceh-­‐10	  homeo	  domain	  containing	  homolog	  
CNS:	  central	  nervous	  system	  
CNV:	  choroidal	  neovascularisation	  
CRAO:	  central	  retinal	  artery	  occlusion	  
cSLO:	  confocal	  scanning	  laser	  ophthalmoscopy	  
DAPI:	  4',6-­‐diamidino-­‐2-­‐phenylindole	  
DCC:	  deleted	  in	  colorectal	  carcinoma	  
DR:	  diabetic	  retinopathy	  
E:	  embryonic	  day	  
EDN2:	  endothelin	  2	  
ELOVL4:	  elongation	  of	  very	  long	  chain	  fatty	  acids	  protein	  4	  
eNOS:	  endothelial	  nitric	  oxide	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EPAS1:	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  domain	  protein	  1	  
EPO:	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EPOR:	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ERK1/2:	  extracellular	  signal-­‐regulated	  kinase	  ½	  
FGF2:	  fibroblast	  growth	  factor	  2	  
FIH:	  factor	  inhibiting	  HIF	  
FL:	  fluorescein	  
FZD4:	  frizzled	  4	  
Gαt:	  transducin	  α	  subunit	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GATA2:	  GATA-­‐binding	  protein	  2	  
GC:	  guanylyl	  cyclase	  
GCAP:	  guanylyl	  cyclase	  activating	  protein	  
GCL:	  ganglion	  cell	  layer	  
GFAP:	  glial	  fibrillary	  acidic	  protein	  
GFP:	  green	  fluorescent	  protein	  
GLUL:	  glutamate-­‐ammonia	  ligase	  
GNAT1:	  guanine	  nucleotide	  binding	  protein,	  alpha	  transducing	  1	  
GNAT2:	  guanine	  nucleotide	  binding	  protein,	  alpha	  transducing	  2	  
GS:	  glutamine	  synthetase	  
HGF:	  hepatocyte	  growth	  factor	  
HIF1A:	  HIF	  1	  alpha	  
HIF3A:	  HIF	  3	  alpha	  
HIF:	  hypoxia-­‐inducible	  factor	  
HNF4:	  hepatocyte	  nuclear	  factor	  4	  
HP:	  hypoxic	  preconditioning	  
HRE:	  hypoxia	  responsive	  element	  
HS:	  horse	  serum	  
HSP90:	  heat	  shock	  protein	  90	  
IBA1:	  induction	  of	  brown	  adipocytes	  1	  
iBRB:	  inner	  BRB	  
IGC:	  indocyanine	  green	  
IGF1:	  insulin-­‐like	  growth	  factor	  1	  
IL1B:	  interleukin	  1B	  
IL6:	  interleukin	  6	  
ILM:	  inner	  limiting	  membrane	  
INL:	  inner	  nuclear	  layer	  
iNOS:	  inducible	  nitric	  oxide	  synthase	  
IOP:	  intraocular	  pressure	  
IPAS:	  inhibitory	  PAS	  domain	  protein	  
IPC:	  ischemic	  preconditioning	  
IPL:	  inner	  plexiform	  layer	  
ipRGC:	  intrinsically	  photosensitive	  RGC	  
IS:	  inner	  segment	  
JAK2:	  janus	  kinase	  2	  
LGN:	  lateral	  geniculate	  nucleus	  
LIF:	  leukemia	  inhibitory	  factor	  
LRP5:	  low	  density	  lipoprotein	  receptor-­‐related	  protein	  5	  
MAPK:	  mitogen-­‐activated	  protein	  kinase	  
mEPOR:	  membrane	  EPOR	  
MMP:	  matrix	  metalloproteinase	  
MNU:	  N-­‐methyl-­‐N-­‐nitrosourea	  
MT1:	  metallothionein	  1	  
MT2:	  metallothionein	  2	  
NDP:	  Norrie	  disease	  (pseudoglioma)	  
NF:	  neurofilament	  
NFkB:	  nuclear	  factor	  kappa	  B	  
NFL:	  nerve	  fibre	  layer	  
NMDAR1:	  NMDA	  receptor	  1	  
NO:	  nitric	  oxide	  
NTN1:	  netrin	  1	  
NTN4:	  netrin	  4	  
oBRB:	  outer	  BRB	  
ODDD:	  oxygen-­‐dependant	  degradation	  domain	  
OIR:	  oxygen-­‐induced	  retinopathy	  
OLM:	  outer	  limiting	  membrane	  
ONH:	  optic	  nerve	  head	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ONL:	  outer	  nuclear	  layer	  
OPL:	  outer	  plexiform	  layer	  
OS:	  outer	  segment	  
PAX6:	  paired	  box	  gene	  6	  
PB:	  phosphate	  buffer	  
PBS:	  phosphate	  buffer	  saline	  
PDE:	  phosphodiesterase	  
PDGF:	  platelet-­‐derived	  growth	  factor	  
PDGFA:	  platelet-­‐derived	  growth	  factor	  alpha	  
PDGFB:	  platelet-­‐derived	  growth	  factor	  B	  
PDGFRA:	  platelet-­‐derived	  growth	  factor	  receptor	  alpha	  
PDR:	  proliferative	  diabetic	  retinopathy	  
PEDF:	  pigment	  epithelium-­‐derived	  factor	  
PFA:	  paraformaldehyde	  
PHD:	  prolyl	  hydroxylase	  
PI3K:	  phosphatidylinositol	  3-­‐kinase	  
PIGF:	  phosphatidylinositol	  glycan	  anchor	  biosynthesis	  F	  	  
PKCA:	  protein	  kinase	  C	  alpha	  
PND:	  post-­‐natal	  day	  
POU4F1:	  POU	  domain	  4,	  transcription	  factor	  1	  
PRO:	  proline	  
RCS:	  Royal	  College	  of	  Surgeons	  
rd1:	  retinal	  degeneration	  1	  
rd10:	  retinal	  degeneration	  10	  
RFP:	  red	  fluorescent	  protein	  
RGC:	  retinal	  ganglion	  cell	  
RPGR:	  retinitis	  pigmentosa	  GTPase	  regulator	  	  
rhEPO:	  recombinant	  human	  EPO	  
RHO:	  rhodopsin	  
ROP:	  retinopathy	  of	  prematurity	  
ROS:	  reactive	  oxygen	  species	  
RP:	  retinitis	  pigmentosa	  
RPC:	  retinal	  progenitor	  cell	  
RPE65:	  retinal	  pigment	  epithelium	  65	  
RPE:	  retinal	  pigment	  epithelium	  
SD-­‐OCT:	  spectral	  domain	  optical	  coherence	  tomography	  
SD:	  standard	  deviation	  
SDS:	  sodium	  dodecyl	  sulphate	  
sEPOR:	  soluble	  EPOR	  
SERPINF1:	  serpin	  peptidase	  inhibitor	  F1	  
STAT3/5:	  signal-­‐transducer	  and	  activator	  of	  transcription	  protein	  3/5	  
SYP:	  synaptophysin	  
TAD:	  transactivation	  domain	  
TBS:	  tris	  buffer	  saline	  
TCA:	  tricarboxylic	  acid	  
TEK:	  endothelial-­‐specific	  receptor	  tyrosine	  kinase	  
THB:	  tissue	  homogenization	  buffer	  
TIE2:	  tunica	  internal	  endothelial	  cell	  kinase	  2	  
TNFA:	  tumour	  necrosis	  factor	  A	  
TSP1:	  thrombospondin	  1	  
TSPAN12:	  tetraspanin	  12	  
UNC5:	  unc-­‐5	  homolog	  
USH2A:	  Usher	  syndrome	  2A	  	  
VEGFA:	  vascular	  endothelial	  growth	  factor	  A	  
VHL:	  von	  Hippel	  Lindau	  
VSX2:	  visual	  system	  homeobox	  2	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Personal	  Contribution	  Performed	   project	   design,	   breeding	   of	   mouse	   model,	   experiments	   (Fig.	   1-­‐7),	   interpretation	   of	  results,	  and	  manuscript	  writing/editing.	  
Key	  Findings	  HIF1A	   is	   a	   transcription	   factors	   that	   regulates	   tissue	   response	   to	   hypoxia.	   It	   controls	   the	  expression	  of	  genes	  involved	  in	  different	  cellular	  processes,	  including	  cell	  survival,	  proliferation,	  and	  angiogenesis.	  In	  the	  early	  post-­‐natal	  retina,	  HIF1A	  is	  found	  at	  increased	  levels.	  In	  this	  study,	  we	  analyzed	  its	  potential	  function	  during	  post-­‐natal	  development	  of	  the	  mouse	  retina	  and	  retinal	  vasculature	  by	  generating	  a	  mouse	  line	  lacking	  HIF1A	  in	  a	  heterogeneous	  population	  of	  cells	   in	  the	  retinal	  periphery.	  
Here	  are	  some	  of	  the	  key	  findings	  of	  the	  study:	  
• Ablation	   of	   Hif1a	   caused	   a	   significant	   reduction	   in	   Hif1a	   gene	   expression	   and	   HIF1A	  protein	  levels	  in	  the	  early	  post-­‐natal	  retina.	  	  
• Retinal	  morphology	  was	   normal	   but	   the	  Hif1a	   knockdown	  prevented	   the	   formation	   of	  the	  intermediate	  vascular	  plexus	  in	  the	  peripheral	  retina.	  	  
• Hif1a	   knockdown	  did	   not	   affect	   expression	   of	   angiogenesis-­‐related	   genes	   as	  Vegfa	   but	  strongly	  induced	  expression	  of	  Epo.	  At	  the	  protein	  level,	  EPAS1	  (HIF2A)	  was	  stabilized	  in	  the	  Hif1a	  knockdown	  mice	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10.2 From	  Oxygen	  to	  Erythropoietin:	  Relevance	  of	  Hypoxia	  for	  Retinal	  
Development,	  Health	  and	  Disease	  
Christian	  Caprara1,	  Christian	  Grimm1,	  2	  
1	   Lab	   for	   Retinal	   Cell	   Biology,	   Department	   Ophthalmology,	   University	   of	   Zurich,	   Zurich,	  Switzerland	  
2	   Zurich	   Center	   for	   Integrative	   Human	   Physiology	   (ZIHP),	   University	   of	   Zurich,	   Zurich,	  Switzerland	  
3	  Neuroscience	  Centre	  (ZNZ),	  University	  of	  Zurich,	  Zurich,	  Switzerland	  Published	  in	  Progress	  in	  Retinal	  and	  Eye	  Research,	  2012,	  31(1):89-­‐119	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  Contribution	  Performed	  literature	  search,	  manuscript	  writing/editing.	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11 	  Additional	  Publications	  
11.1 Retina-­‐specific	   Activation	   of	   a	   Sustained	   Hypoxia-­‐like	   Response	  
Leads	  to	  Severe	  Retinal	  Degeneration	  and	  Loss	  of	  Vision	  
Christina	  Lange1,	  Christian	  Caprara1,	  Naoyuki	  Tanimoto3,	  Susanne	  Beck3,	  Gesine	  Huber3,	  Marijana	  Samardzija1,	  Mathias	  Seeliger3,	  Christian	  Grimm1,	  2	  
1	   Lab	   for	   Retinal	   Cell	   Biology,	   Department	   Ophthalmology,	   University	   of	   Zurich,	   Zurich,	  Switzerland	  
2	   Zurich	   Center	   for	   Integrative	   Human	   Physiology	   (ZIHP),	   University	   of	   Zurich,	   Zurich,	  Switzerland	  
3	   Institute	   of	   Ophthalmic	   Research,	   Centre	   of	   Ophthalmology,	   Division	   of	   Ocular	  Neurodegeneration,	  Tübingen,	  Germany	  Published	  in	  Neurobiology	  of	  Disease,	  2011,	  41(1):119-­‐130	  
Personal	  Contribution	  Performed	  immunostaining	  on	  retinal	  flatmounts	  to	  visualize	  blood	  vessels	  (Fig.3A)	  
Key	  Findings	  Hypoxic	   preconditioning	   has	   been	   previously	   shown	   to	   protect	   photoreceptors	   from	   light-­‐induced	  degeneration.	  Hypoxic	  preconditioning	  stabilizes	  and	  activates	  HIFs,	  which	  play	  a	  major	  role	   in	   the	  hypoxic	   response	  of	   tissues	   including	   the	   retina.	  To	   investigate	   the	   roles	  of	  HIFs	   in	  retinal	   development,	   angiogenesis,	   and	   neuroprotection,	   HIFA	   proteins	   were	   stabilized	   in	  normoxia	  by	  ablating	  VHL	  in	  a	  heterogeneous	  population	  of	  cells	  in	  the	  retinal	  periphery.	  
Here	  are	  some	  of	  the	  key	  findings	  of	  the	  study:	  
• a	   retina-­‐specific	   knockdown	   of	   von	   Hippel-­‐Lindau	   protein	   (VHL)	   activated	   HIF	  transcription	  factors	  in	  normoxic	  conditions	  in	  the	  retina.	  	  
• sustained	   activation	   of	   HIF1	   and	   HIF2	   was	   accompanied	   by	   persisting	   embryonic	  vasculatures	  in	  the	  posterior	  eye	  and	  the	  iris	  	  
• embryonic	   vessels	   persisted	   into	   adulthood	   and	   led	   to	   a	   severely	   abnormal	   mature	  vessel	  system	  with	  vessels	  penetrating	  the	  photoreceptor	  layer	  in	  adult	  mice.	  	  
• massive	   cell	   death	   accompanied	   by	   severe	   retinal	   degeneration	   was	   observed	   in	   all	  retinal	  layers	  of	  adult	  mice	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11.2 Normoxic	   Activation	   of	   Hypoxia-­‐inducible	   Factors	   in	  
Photoreceptors	   Provides	   Transient	   Protection	   Against	   Light-­‐
induced	  Retinal	  Degeneration	  
Christina	   Lange1,	   Severin	   R.	   Heynen1,	   Naoyuki	   Tanimoto2,	   Markus	   Thiersch1,	   Yun-­‐Zheng	   Le3,	  Isabelle	  Meneau1,	  Mathias	  W.	   Seeliger2,	  Marijana	   Samardzija1,	   Christian	  Caprara1	   and	  Christian	  Grimm1,4	  1Lab	   for	   Retinal	   Cell	   Biology,	   Department	   of	   Ophthalmology,	   University	   of	   Zurich,	   Zurich,	  Switzerland;	  
2Institute	   of	   Ophthalmic	   Research,	   Center	   of	   Ophthalmology,	   Division	   of	   Ocular	  Neurodegeneration,	  Tubingen,	  Germany;	  
3Department	  of	  Cell	  Biology	  and	  Dean	  A.	  McGee	  Eye	  Institute,	  Oklahoma	  City,	  Oklahoma	  
4Zurich	  Center	  for	  Integrative	  Human	  Physiology	  (ZIHP),	  Zurich,	  Switzerland	  Published	  in	  Investigative	  Ophthalmology	  &	  Visual	  Sciences	  (IOVS)	  2011,	  52(8):5872-­‐5880	  	  	  
Personal	  Contribution	  Contributed	   to	   the	   identification	   of	   Cre-­‐expressing	   cells	   in	   the	   Opn-­Cre	   mouse	   by	   generating	  
ROSA-­flox-­RFP;Opn-­Cre	  mice	  and	  analyzing	  RFP	  distribution	  on	  retinal	  cryosections	  (Fig.1A,	  1B)	  
Key	  Findings	  Hypoxic	  preconditioning	  provides	  protection	  against	   light-­‐induced	  photoreceptor	  degeneration.	  HIFs	   are	   stabilized	   during	   the	   preconditioning	   period	   and	   are	   thought	   to	   contribute	   to	  neuroprotection.	   To	   investigate	   whether	   HIFs	   are	   responsible	   for	   protection	   against	   light-­‐induced	   photoreceptor	   death	   in	   the	   retina,	   HIFA	   proteins	   were	   stabilized	   under	   normoxic	  conditions	  by	  ablating	  VHL	  in	  rod	  photoreceptors.	  	  
 Here	  are	  some	  of	  the	  key	  findings	  of	  the	  study:	  
 
• knockdown	   of	   Vhl	   in	   rod	   photoreceptor	   cells	   led	   to	   a	   normoxic	   stabilization	   of	   HIFA	  proteins	  
• histology	  of	  young	  Vhl	  knockdown	  retinas	  was	  comparable	  to	  control	  littermates	  
• in	  older	  animals,	  progressive	  retinal	  degeneration	  and	  loss	  of	  vision	  was	  observed	  
• Vhl	  knockdown	  transiently	  protected	  photoreceptors	  against	  light-­‐induced	  cell	  death	  
• the	  transient	  protection	  may	  be	  a	  result	  of	  a	  significantly	  increased	  expression	  of	  Fgf2	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11.3 Intrinsically	  Photosensitive	  Retinal	  Ganglion	  Cells	  Are	  Resistant	  to	  
N-­‐methyl-­‐D-­‐aspartic	  Acid	  Excitotoxicity	  
Sarah	  DeParis1,	  Christian	  Caprara1,	  and	  Christian	  Grimm1,2,3	  
1Lab	  of	  Retinal	  Cell	  Biology,	  Dept	  Ophthalmology,	  University	  of	  Zurich,	  Switzerland	  
2Zurich	  Center	  for	  Integrative	  Human	  Physiology,	  University	  of	  Zurich,	  Switzerland	  
3Neuroscience	  Center	  Zurich,	  University	  of	  Zurich	  and	  ETH	  Zurich,	  Switzerland	  Published	  in	  Molecular	  Vision,	  2012,	  18:	  2814-­‐2827	  	  
Personal	  Contribution	  Performed	   analysis	   of	   BRN3A-­‐	   and	   OPN4-­‐positive	   RGCs	   by	   immunofluorescence	   on	   retinal	  flatmounts	   (Fig.3).	   Performed	   co-­‐localization	   analysis	   of	   NMDAR1	   and	   OPN4	   by	  immunofluorescence	  on	  retinal	  flatmounts	  (Fig.7).	  
Key	  Findings	  ipRGCs	   are	   mainly	   responsible	   for	   non-­‐image-­‐forming	   visual	   tasks	   such	   as	   circadian	  photoentrainment	  and	  the	  pupillary	  light	  reflex.	  Compared	  to	  other	  classes	  of	  RGCs,	  ipRGCs	  are	  more	   resistant	   to	   cell	  death	   in	   several	   experimental	  models	   such	  as	  ocular	  hypertension,	  optic	  nerve	   transection,	   and	   others.	   In	   this	   study,	   we	   tested	   whether	   ipRGCs	   are	   also	   resistant	   to	  NMDA-­‐induced	  excitotoxicity.	  
Here	  are	  some	  of	  the	  key	  findings	  of	  the	  study:	  
• in	  contrast	  to	  retinal	  Brn3a	  expression	  and	  BRN3A-­‐containing	  cells,	  levels	  of	  Opn4	  mRNA	  and	  the	  number	  of	  OPN4-­‐expressing	  cells	  were	  not	  reduced	  after	  NMDA	  injection	  
• survival	   of	   ipRGCs	   after	   NMDA	   injection	   was	   not	   strain	   specific,	   did	   not	   require	   the	  presence	   of	   photoreceptor	   cells,	   and	   did	   not	   depend	   on	   PI3K/AKT	   or	   JAK/STAT	  signalling,	  although	  both	  signalling	  pathways	  were	  activated	  after	  NMDA	  treatment	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11.4 CDC42	   Is	  Required	   for	   Tissue	   Lamination	  and	  Cell	   Survival	   in	   the	  
Mouse	  Retina	  
Severin	   Heynen1,2,	   Isabelle	   Meneau1,	   Christian	   Caprara1,2,	   Marijana	   Samardzija1,	   Cornelia	  Imsand1,	  Edward	  M.	  Levine3,	  Christian	  Grimm1,2,4	  
1Laboratory	   of	   Retinal	   Cell	   Biology,	   Ophthalmology	   Department,	   University	   of	   Zurich,	  Switzerland	  
2Zurich	  Center	  for	  Integrative	  Human	  Physiology,	  University	  of	  Zurich,	  Switzerland	  
3Department	   of	   Ophthalmology	   and	   Visual	   Sciences,	   John	   A.	   Moran	   Eye	   Center,	   University	   of	  Utah,	  Salt	  Lake	  City,	  Utah,	  United	  States	  of	  America	  
4Center	  for	  Neuroscience,	  University	  of	  Zurich,	  Switzerland	  Published	  in	  Public	  Library	  of	  Science	  ONE,	  2013,	  8	  (1):	  e53806	  	  
Personal	  Contribution	  Contributed	   to	   breeding	   of	   Ai6;α-­Cre	  mice,	   and	   analysis	   of	   ZSGREEN	   expression	   in	   Ai6;α-­Cre	  mouse	  retinal	  flatmounts	  (Fig.1A).	  
Key	  Findings	  The	   small	   GTPase	   CDC42	   has	   various	   functions	   during	   development	   and	   in	   the	   adult.	   These	  functions	   include	   intra-­‐	   as	  well	   as	   intercellular	   tasks	   such	   as	   organization	   of	   the	   cytoskeleton	  and,	   at	   least	   in	   epithelial	   cells,	   formation	   of	   adherens	   junctions.	   To	   investigate	   CDC42	   in	   the	  neuronal	   retina,	   we	   generated	   retina-­‐specific	   Cdc42-­‐knockdown	   mice	   and	   analyzed	   the	  consequences	  for	  the	  developing	  and	  post-­‐natal	  retina.	  
Here	  are	  some	  of	  the	  key	  findings	  of	  the	  study:	  
• lack	  of	  CDC42	  affected	  organization	  of	  the	  developing	  retina	  as	  early	  as	  E17.5,	  prevented	  correct	  tissue	  lamination,	  and	  resulted	  in	  progressive	  retinal	  degeneration	  and	  severely	  reduced	  retinal	  function	  of	  the	  post-­‐natal	  retina	  
• despite	  the	  disorganization	  of	  the	  retina,	   formation	  of	  the	  primary	  vascular	  plexus	  was	  not	   strongly	  affected.	  However,	  both	  deeper	  vascular	  plexi	  developed	  abnormally	  with	  no	  clear	  layering	  of	  the	  vessels	  
• retinas	  of	  Cdc42-­‐knockdown	  mice	  showed	  increased	  expression	  of	  pro-­‐survival,	  but	  also	  of	   pro-­‐apoptotic	   and	   pro-­‐inflammatory	   genes	   and	   exhibited	   prolonged	   Müller	   glia	  hypertrophy	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11.5 p38	   MAPK	   Signalling	   Acts	   Upstream	   of	   LIF-­‐dependent	  
Neuroprotection	  During	  Photoreceptor	  Degeneration	  
Cavit	   Agca1,	   Andrea	   Gubler	   1,	   Ghislaine	   Traber1,	   Christel	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  publication	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Personal	  Contribution	  Design	  of	  luciferase	  reporter	  vector	  containing	  NFκB	  binding	  sites	  and	  preliminary	  experiments	  with	  luciferase	  assay.	  
Key	  Findings	  In	   many	   blinding	   diseases	   of	   the	   retina,	   loss	   of	   function	   and	   thus	   severe	   visual	   impairment	  results	   from	  apoptotic	   cell	  death	  of	  damaged	  photoreceptors.	   In	  an	  attempt	   to	   survive,	   injured	  photoreceptors	   generate	   survival	   signals	   to	   induce	   intercellular	   protective	   mechanisms	   that	  eventually	   may	   rescue	   photoreceptors	   from	   entering	   an	   apoptotic	   death	   pathway.	   One	   such	  endogenous	  survival	  pathway	  is	  controlled	  by	  LIF,	  which	  is	  produced	  by	  a	  subset	  of	  Muller	  glia	  cells	   in	   response	   to	   photoreceptor	   injury.	   In	   the	   absence	   of	   LIF,	   survival	   components	   are	   not	  activated	   and	   photoreceptor	   degeneration	   is	   accelerated.	   Although	   LIF	   is	   a	   crucial	   factor	   for	  photoreceptor	   survival,	   the	   detailed	   mechanism	   of	   its	   induction	   in	   the	   retina	   has	   not	   been	  elucidated.	  
Here	  are	  some	  of	  the	  key	  findings	  of	  the	  study:	  
• administration	  of	  TNFA	  was	  sufficient	  to	  fully	  upregulate	  Lif	  expression	  in	  Muller	  cells	  in	  
vitro	  and	  the	  retina	  in	  vivo	  
• increased	  Lif	  expression	  depended	  on	  p38	  MAPK	  since	  inhibition	  of	  its	  activity	  abolished	  
Lif	  expression	  in	  vitro	  and	  in	  vivo	  
• inhibition	  of	  p38	  MAPK	  activity	  reduced	  Lif	  expression	  also	  in	  the	  model	  of	  light-­‐induced	  retinal	  degeneration	  and	  resulted	  in	  increased	  cell	  death	  in	  the	  light-­‐exposed	  retina	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